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ABSTRACT 
 
 The means by which sexual selection can promote speciation is a topic of much debate 
and study. Darters, a species-rich clade of freshwater fishes that exhibit widespread sexual 
dichromatism, may represent a prime example of speciation by sexual selection. I investigated 
mechanisms of sexual selection and reproductive isolation in two closely related, ecologically 
and behaviorally similar species: the rainbow darter (Etheostoma caeruleum) and the 
orangethroat darter (E. spectabile). 
 First, I quantified variation in male breeding coloration across multiple populations of E. 
caeruleum and E. spectabile using digital photography and image processing software. Male 
color traits in both species can be categorized as “blue” and “red” components, which are based 
on chromoprotein and carotenoid pigments, respectively. Blue colors tended to be more 
conserved and better correlated with body size, whereas red colors tended to be more diverse 
among species and populations and less correlated with body size. These disparate patterns 
suggest that the blue and red components of male coloration serve different functions and/or are 
subject to different selective forces. 
 I then investigated the specifics of behavioral isolation between E. caeruleum and E. 
spectabile, and whether species discrimination is mediated by male coloration. I observed 
interactions between male E. spectabile, female E. spectabile, and male E. caeruleum under 
different lighting conditions that permitted or impaired the fish’s perception of red coloration. 
Species recognition was controlled by males, who preferentially pursued conspecific females and 
directly aggression toward conspecific males. Females did not exhibit overt preference for any 
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type of male, instead responding proportionately to the amount of male pursuit. Disrupting color 
perception inhibited male-male aggression, suggesting that male coloration allows males to 
identify conspecific rivals in the context of male-male competition. 
 As previous studies have found no effect of female choice on male fitness in E. 
caeruleum or E. spectabile, I tested whether male-male competition underlies sexual selection. I 
allowed multiple male E. spectabile to compete for a single female and looked for phenotypic 
correlates of reproductive success. Relatively larger males were competitively superior and 
initiated more spawning events with females. After correcting for size, I also found that the 
relative quality and quantity of male coloration was correlated with success in guarding the 
female against rivals and in spawning with the female. These results indicate that male coloration 
is under sexual selection through male-male competition. 
 Apart from sexual selection, behavioral isolation may also evolve through natural 
selection against heterospecific mating, i.e. reinforcement. I performed conspecific and 
heterospecific crosses using E. caeruleum and E. spectabile and compared reproductive isolation 
between these species in a sympatric population versus allopatric populations. Reproductive 
isolation was high between female E. caeruleum and male E. spectabile in both sympatry and 
allopatry. In contrast, reproduction isolation was high between female E. spectabile and male E. 
caeruleum in sympatry but low in allopatry. This pattern is consistent with reinforcement acting 
asymmetrically on behavioral isolation between these species. 
 Finally, I conducted a long-term investigation of postzygotic isolation between E. 
caeruleum and E. spectabile. I created purebred and hybrid F1 fish via artificial fertilization and 
raised them under common garden conditions. Fertilization success, hatching success, and larval 
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survival to 10 months did not differ between purebred and hybrid families, indicating little 
hybrid inviability. However, hybrid families from both reciprocal heterospecific crosses were 
heavily biased toward males, while the purebred families did not differ from the 1:1 sex ratio 
found in nature. This sex ratio distortion suggests that heterospecific spawning between E. 
caeruleum and E. spectabile is detrimental, and provides a possible mechanism for driving 
reinforcement between these species.  
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CHAPTER 1 
 
INTRODUCTION 
 
 Sexual selection, resulting from differential mating success among individuals, is widely 
recognized as a potent force for phenotypic evolution and, more recently, for speciation (Panhuis 
et al., 2001). Due to its potential for driving rapid population divergence, sexual selection has 
been theoretically proposed to accelerate speciation (Lande, 1981; West-Eberhard, 1983; Turner 
and Burrows, 1995; Pomiankowski and Iwasa, 1998). Indeed, a positive correlation between 
sexual selection and taxonomic diversity has been reported in several clades, including birds 
(Barraclough et al., 1995; Owens et al., 1995), cichlids (Dominey, 1984; Seehausen, 2000), and 
insects (Arnqvist et al., 2000). 
 Darwin was the first to note that sexually dimorphic traits may arise through intersexual 
attraction, usually as females expressing preferences for male traits, and/or intrasexual contests, 
usually as competition among males for females (Darwin, 1871; Andersson, 1994). A large body 
of research across a range of taxa has established the importance of both female preferences and 
male-male competition to the evolution of sexual traits, which in many cases act together on the 
same trait (Hunt et al., 2009). However, research to date on speciation by sexual selection has 
largely focused on behavioral isolation resulting from coevolutionary divergence in female mate 
preferences and preferred male traits among or within populations (Panhuis et al., 2001; Turelli 
et al., 2001). The role of male mate preferences and male-male competition in speciation is much 
less understood. 
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 Sexual trait evolution and behavioral isolation may also arise from mechanisms other 
than sexual selection. Reinforcement in particular has received attention because it directly 
selects for population divergence in sexual traits and species recognition. Reinforcement occurs 
when two putative species come into secondary contact and produce unfit hybrid offspring, 
which in turn selects for traits that promote assortative mating (Dobzhansky, 1937; Butlin, 1981; 
Servedio and Noor, 2003). Numerous studies have found patterns of sympatric population 
divergence consistent with reinforcement (Butlin, 1987; Howard, 1997), though problems remain 
with regards to whether all these data truly represent reinforcement, as well as to the importance 
of reinforcement to speciation as a whole (Noor, 1999; Servedio and Noor, 2003). 
 Darters (Percidae: Etheostomatinae), a highly speciose clade of North American 
freshwater fishes, are fertile ground for studying the processes of sexual selection and speciation. 
Most darters are sexually dichromatic; male breeding coloration is highly diverse both within 
and across species and has formed the basis for descriptions of new species (Kuehne and 
Barbour, 1983; Page, 1987; Ceas and Page, 1997). Darters exhibit considerable variation in 
spawning habits and mate preferences (Winn, 1958; O’Rourke and Mendelson, 2010; Martin and 
Mendelson, 2013). Behavioral isolation is the primary reproductive isolating barrier between 
darter species (Mendelson, 2003); darter speciation is thought to have occurred primarily in 
allopatry, though there are numerous examples of secondary contact and natural hybridization 
between lineages that could also have selected for trait divergence and behavioral isolation (Page 
et al., 2003; Keck and Near, 2009). 
 For my dissertation research, I focused on two closely related darter species in the 
subgenus Oligocephalus: the rainbow darter (Etheostoma caeruleum) and the orangethroat darter 
(E. spectabile). These species are well suited for comparative study because they occur both 
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sympatrically and allopatrically, and are similar in morphology, ecology, and behavior (Kuehne 
and Barbour, 1983; Page, 1987). Male E. caeruleum and E. spectabile exhibit superficially 
similar breeding coloration consisting of bluish and reddish components. During the spawning 
season, males of both species pursue gravid females and attempt to drive away rival males 
(Winn, 1958); there is little evidence that female preference is important to male mating success 
in either species (Pyron, 1995; Fuller, 2003), opening the possibility for alternate mechanisms of 
sexual selection and speciation. 
 The first step toward testing evolutionary hypotheses regarding male coloration in darters 
is to describe said coloration. In my first chapter, I surveyed the breeding coloration of male E. 
caeruleum and E. spectabile caught from multiple populations in central Illinois. Using digital 
photography and image processing software, I quantified multiple color traits and found broadly 
differing patterns of variation in the bluish versus the reddish traits. The bluish color traits tended 
to be more conserved and closely related to body size, whereas the reddish color traits tended to 
be more diverse and related to species and population identity. Consistent with these overarching 
differences, these colors also have different biochemical origins: bluish colors are produced by a 
chromoprotein pigment whereas reddish colors are produced by a carotenoid pigment. 
 Next, I address the function of male breeding coloration across and within species. In my 
second chapter, I observed the behavior of male E. spectabile toward female E. spectabile, 
subdominant male E. spectabile, and male E. caeruleum under different lighting conditions. I 
used a blue filter to disrupt the fish’s perception of reddish colors, so as to test whether male 
coloration is a signal in intra- and interspecific interactions. I found that males, but not females, 
discriminate against heterospecific fish: male E. spectabile pursued female E. spectabile while 
male E. caeruleum did not, and male E. spectabile attacked conspecific but not heterospecific 
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rivals. Furthermore, I found that blue lighting inhibited conspecific aggression between male E. 
spectabile, suggesting that the reddish components of male coloration play a role in species 
recognition in the context of male-male competition. 
 In my third chapter, I allowed multiple male E. spectabile to compete for females and 
looked for correlations between male coloration and reproductive success. I found that relatively 
larger males were more successful in guarding females against rivals and initiating spawning 
events, which forced relatively smaller males to act more as “sneakers” by dashing into 
spawning events already in progress. Furthermore, various aspects of male coloration also 
correlated with competitive ability and spawning success independent of size, providing 
quantitative evidence that male coloration is under sexual selection. As female E. spectabile 
exhibit no preference for male size or coloration, sexual selection in E. spectabile appears to be 
based on male-male competition. 
 Beyond sexual selection, I also investigated whether reinforcement has contributed to 
darter speciation. In my fourth chapter, I looked for evidence of reinforcement between E. 
caeruleum and E. spectabile by creating conspecific and heterospecific male-female pairs, using 
fish from either sympatric or allopatric populations. I found high reproductive isolation between 
these species in the sympatric population: heterospecific crosses using sympatric fish yielded 
almost no eggs. When the fish were from allopatric populations, reproductive isolation remained 
high when female E. caeruleum were paired with male E. spectabile, but was reduced when 
female E. spectabile were paired with E. caeruleum. This pattern is consistent with 
reinforcement acting on female E. spectabile and/or male E. caeruleum to increase species 
discrimination in areas where the two species are sympatric. 
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 Reinforcement is predicated on reduced fitness in hybrids between the sympatric species. 
However, previous studies that have crossed E. caeruleum with E. spectabile reported no hybrid 
inviability (Hubbs and Strawn, 1957). In my final chapter, I conducted a more extended 
investigation of hybrid viability between these species. I artificially performed conspecific and 
heterospecific crosses and raised the F1 progeny under common garden conditions to sexual 
maturity. Consistent with previous findings, there was no difference in hatching rate or juvenile 
survival between conspecific and heterospecific F1 fish. However, the F1 hybrid offspring were 
heavily biased toward males. This previously unsuspected sex ratio imbalance suggests that 
hybrid incompatibility between E. caeruleum and E. spectabile may be greater than previously 
suspected, and could contribute to reinforcement. 
 In several ways, E. caeruleum and E. spectabile apparently represent a non-traditional 
paradigm of sexual selection and speciation. Despite the highly conspicuous and variable 
coloration exhibited by males, male coloration does not seem to be a target of female preference. 
Rather, male coloration is mainly involved in male-male interactions, both within species via 
competition over females, and between species as a means of identifying conspecific rivals. 
Males also seem to be primarily responsible for behavioral isolation; in sympatric areas this 
species recognition may be under direct selection via reinforcement given the presence of hybrid 
incompatibility, though questions remain as to the exact mechanisms involved. Hence, the 
evolution of sexual dichromatism and behavioral isolation in this large group of fishes appear to 
involve processes beyond the well-trodden traditional view of divergent female preferences for 
divergent male traits. These results shed new light on understudied evolutionary processes in the 
animal kingdom. 
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CHAPTER 2 
 
PATTERNS OF MALE BREEDING COLOR VARIATION DIFFER ACROSS SPECIES, 
POPULATIONS, AND BODY SIZE IN RAINBOW AND ORANGETHROAT DARTERS1 
 
ABSTRACT 
 
 Sexually dimorphic coloration has been widely suggested to play a role in sexual 
selection and speciation. Animal colors can originate from several different biochemical 
pathways, which may underlie different patterns of selection and diversification. Darters of the 
speciose genus Etheostoma exhibit substantial diversity in male breeding coloration. We used 
digital photography and image software to comprehensively quantify male coloration in the 
Rainbow Darter (Etheostoma caeruleum) and the Orangethroat Darter (E. spectabile). Color 
traits differed across species, populations, and body sizes, with size differences contributing the 
most to individual color variation. The bluish colors were overall more strongly correlated with 
size than the reddish colors. Conversely, the reddish colors tended to be less correlated with size 
and better indicators of species and population identity. Finally, we determined that the bluish 
colored tissue contained a chromoprotein pigment, and that the reddish colored tissue contained a 
carotenoid pigment. The patterns of conservation and diversification in darter male coloration 
provide a guide for future investigations into their functional and evolutionary significance. 
                                                 
1 Chapter 2 was published by Copeia in 2014: 
 
Zhou, M., A. M. Johnson, and R. C. Fuller. 2014. Patterns of Male Breeding Color Variation 
Differ across Species, Populations, and Body Size in Rainbow and Orangethroat Darters. Copeia 
2014(2): 297–308. Copyrighted material reprinted here with permission from the American 
Society of Ichthyologists and Herpetologists. 
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INTRODUCTION 
 
 Multiple evolutionary forces are known to act upon animal breeding coloration, including 
genetic drift (Wright 1930; Wlasiuk et al. 2003; Lehtonen et al. 2009), environmental differences 
(e.g. sensory drive, Endler 1991; Scott 2001; Fuller 2002; Maan et al. 2006), divergent sexual 
selection (West-Eberhard 1983; Seehausen and Van Alphen 1999; Seehausen and Schluter 
2004), and reinforcement (Butlin 1989; Alatalo et al. 1994; Albert et al. 2007). These factors, 
particularly sexual selection, may in turn have broader implications for speciation and species 
richness (Carson 1978; Dominey 1984; Barraclough et al. 1995; Owens et al. 1999). The 
function and evolution of breeding coloration may also be influenced by their underlying 
biochemical bases, e.g. structural versus pigmentary colors (Burns et al. 2004). Carotenoid 
pigments are a well-studied example; being diet-limited, they have often been suggested to 
represent “honest” indicators of male quality (Olson and Owens 1998; Griggio et al. 2007). On a 
macroevolutionary scale, carotenoids appear to have constrained the diversification of plumage 
coloration in some bird groups, though this pattern is not universal (Hofman et al. 2006; Kiere et 
al. 2009; Prager and Andersson 2010). Comparative studies of coloration across and within 
related species can be a useful first step in identifying traits of interest, as well as providing clues 
as to the factors that may have acted upon them. 
 Etheostoma (Teleostei: Percidae), one of the genera of fishes commonly known as 
darters, contains some 140 recognized species and is thus the largest freshwater fish genus in 
North America (Page and Burr 1991). Etheostoma species are sexually dichromatic: the males 
are distinctively colored and patterned, particularly during the mating season, whereas the 
females are relatively drab and cryptic. There is enormous interspecific diversity in male 
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coloration within the genus; considerable geographic color and pattern variation have also been 
documented within a number of species (Kuehe and Barbour 1983; Page 1983). Such distinctions 
in coloration have formed an important basis for descriptions of new species (Ceas and Page 
1997).  
 Male coloration in Etheostoma has conventionally been thought to be the product of 
sexual selection (Reeves 1907; Mendelsen 2003). However, the particular mechanisms 
underlying sexual dichromatism and color diversity within the clade are incompletely 
understood. Williams and Mendelsen (2010, 2011) found a female preference for conspecific 
male colors and patterns over heterospecifics in E. barrenense and E. zonale, suggesting that 
species recognition has played a role in the evolution of darter breeding coloration. However, at 
the intraspecific level Pyron (1995) and Fuller (2003) found female preferences for male 
coloration in E. spectabile and E. caeruleum to be either non-existent or unimportant to 
reproductive success. The complexity of male breeding coloration in most Etheostoma species, 
consisting of a combination of bars, spots, and/or other elements (Kuehe and Barbour 1983; Page 
1983), presents a challenge to unraveling its significance as the various components may differ 
in function and evolutionary history. Complex coloration that encodes multiple messages have 
been documented from other taxa; for example, among mammals in Carnivora, markings on the 
body, around the eyes, and on the tail seem to serve cryptic, physiological, and signaling 
purposes respectively (Ortolani 1999). 
The Rainbow Darter (E. caeruleum) and the Orangethroat Darter (E. spectabile) are two 
common species with wide, partially overlapping distributions in the eastern United States. Both 
species belong to the subgenus Oligocephalus and are well-suited for the study of interspecific 
color divergence because they are otherwise similar morphologically, ecologically, and 
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behaviorally: both are small, benthic fish that inhabit the riffles of shallow, fast-moving streams, 
and have essentially the same mating season and breeding system (Winn 1958). Male E. 
caeruleum and E. spectabile exhibit superficially similar blue-green and orange-red breeding 
colors on the head, body, and fins. The most obvious color difference between the two is the 
presence of red on the anal fin of male E. caeruleum, which is absent in male E. spectabile. 
(Kuehne and Barbour 1983; Page 1983). 
Our study aims to (1) determine how male color traits vary between and within species, 
(2) examine the relationship between male coloration and body size, and (3) synthesize patterns 
of male color variation across multiple traits and in light of the colors’ biochemical origins, so as 
to gain insight into the potential underlying selective forces. 
 
MATERIALS AND METHODS 
 
 Adult male E. caeruleum and E. spectabile (subsp. spectabile) were collected from 17 
sites in central Illinois, spread over seven river drainages (Table 2.1, Fig. 2.1). While eight of 
these sites occur within the sympatric range of E. caeruleum and E. spectabile, we collected both 
species from only three of these sites. Most of the sites were small, shallow (depth <1 m) 
drainage steams adjacent to farms, with riffles over fine to coarse gravel; the exceptions were 
Middle Fork and Jordan Creek, which were relatively larger streams in forested preserves. 
Collecting took place using kick-seines in April and May of 2009, during the breeding season of 
both species. Of the 125 E. spectabile collected, 20 exhibited a very small amount of yellowish 
coloration on the anal fin. We cannot exclude the possibility that these were hybrids, which have 
been recorded between E. caeruleum and E. spectabile (Martin and Richmond 1973; McLeod et 
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al. 1980; Bossu and Near 2009). However, in all other respects these individuals appeared 
typical of E. spectabile, and removing them from our analyses did not qualitatively change the 
results. The standard length, to the nearest millimeter, was measured for each fish. 
 
Photography. — Darter coloration was measured via digital photography with a Nikon Coolpix 
8700 camera. Adult E. caeruleum and E. spectabile have a two-cone visual system (long-
wavelength sensitive and medium-wavelength sensitive) and lack a short-wavelength sensitive 
cone (M. Zhou and E. Loew, unpubl.). Therefore, the quantification of color in a human-visible 
color space employed by this study can still be reasonably expected to capture a large proportion 
of the color variation relevant to these species. 
 We took photographs of the fish in the lab within a day of field collection, under standard 
fluorescent room lighting. Each fish was anesthetized with a 0.03% tricaine methanesulfonate 
(MS-222) solution. MS-222 has been used as an anesthetic agent in previous quantitative studies 
of fish color and pattern (Endler 1991; Yasir and Qin 2009), and appears to maximize color 
expression in darters (Gumm and Mendelson 2011). Once the fish became unresponsive to tactile 
stimulus, it was placed in a Petri dish filled with clean treated water to prevent the overhead 
lights from reflecting off the scales. The underlying background was white with a 1 mm grid. A 
Munsell Color X-Rite Mini ColorChecker chart (Grand Rapids, MI) was placed alongside for 
color standardization (details below). Five to six photographs were taken for each fish, including 
lateral and ventral views. When necessary, surgical probes were used to extend the fins. 
 
Quantification of color traits. — Color standardization was performed following the method 
described in Bergman and Beehner (2008). Each photograph included a ColorChecker chart, 
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consisting of 24 squares containing 18 colors and a 6-step gray scale. The photographs were 
processed in Adobe Photoshop CS4 Extended, with the inCamera plug-in (version 4.0.1, 
PictoColor Software). On the “ColorChecker” setting, the plug-in provides a grid that we 
manually aligned to the squares of the ColorChecker chart. The “check capture” function of the 
plug-in was used to confirm that variation within each square was minimal (<3.0 standard 
deviations). The plug-in was then used to create a digital profile that adjusted the colors of the 
photograph according to the known values of the ColorChecker chart. Finally, the photograph 
was converted to the new profile. 
 Eleven color traits, distributed across the body and fins, were measured for each fish (Fig. 
2.2). We attempted to measure at a spot close to the center of the color patch, avoiding obvious 
blemishes; since the color on the fins are distributed across a series of patches separated by the 
fin rays, a patch near the middle rays was selected for measurement. If a color patch exhibited a 
gradation of color, a spot at the middle of the gradation was chosen. Five of the traits were 
categorized as “blue”: cheek (CK), first dorsal fin blue (D1B), second dorsal fin blue (D2B), anal 
fin blue (AB), and lateral bar (LB; second to last from caudal fin). The remaining six traits were 
categorized as “red”: branchiostegal rays (BR), first dorsal fin red (D1R), second dorsal fin red 
(D2R), anal fin red (AR), caudal peduncle spot (CPS; lower), and abdomen (BD). We recorded 
the color value of each trait in the RGB color space, which describes colors as an additive 
mixture of red, blue, and green (range of values 0–255). The traits were measured using the 
eyedropper tool in Photoshop, set to measure from a 3 x 3 pixel square. Each trait was measured 
three times from three separate photographs of each fish, and the RGB values averaged. We 
performed repeatability analyses for each variable measured (Lessells and Boag 1987); 
repeatability across the three photographs was 0.80±0.02 (S.E.).  
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 For further analyses, we converted the RGB values a luminance channel R+G+B and two 
color channels (R–G)/(R+G) and (G–B)/(G+B) (Endler 2012), hereafter referred to as the red-
green difference (R-G) channel and the green-blue difference (G-B) channel. A positive R-G 
value indicates a color with a stronger red component and a negative value a color with a 
stronger green component; correspondingly a positive G-B value indicates a color with a 
stronger green component and a negative value a color with a stronger blue component. 
 
Quantification of blue/red area. — As “blue” and “red” colors constitute the two major aspects 
of male coloration, we also measured the proportional area of blue and red on four regions of the 
fish: first dorsal fin (D1B area and D1R area), second dorsal fin (D2B area and D2R area), anal 
fin (AB area and AR area), and caudal region (CRB area and CRR area), with the anterior limit 
defined by a straight line drawn between the origins of the second dorsal and anal fins, and 
including the entire caudal fin (Fig. 2.2A). The anterior portion of the body could not be 
analyzed due to variable occlusion by the pectoral fin. The total area of each region was obtained 
by manually tracing the region with the polygonal selection tool in ImageJ (version 1.43u, 
Wayne Rasband), and counting the number of pixels using the histogram tool. 
 We obtained the areas of blue and red coloration within each region using the Threshold 
Colour plug-in (version 1.10, G. Landin) for ImageJ. The plug-in allows colors to be stopped 
above or below a set threshold in a color coordinate space. The photographs were processed in 
the CIE Lab color space; we chose to use Lab instead of RGB for this process because it 
describes colors using the coordinates L* (lightness), a* (red/green), and b* (blue/yellow), which 
proved more convenient for isolating blue and red in our photographs. Based on visual 
examination, we selected threshold values (range 0–255) that would be conservative with regard 
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to the color area included. To isolate blue coloration, L* was set to stop colors above 200/255, 
and b* was set to stop colors above 130/255. To isolate red coloration, the L* filter was kept at 
200/255, and a* was set to stop colors below 125/255. After the filters were applied, we 
transformed the image into binary black and white and counted the black pixels within each 
color region using the histogram tool. Finally, the pixel counts were used to calculate the 
proportion of blue and red within each region. 
 
Statistical analyses. — All statistical analyses were performed in SAS (version 9.1, SAS 
Institute, Cary, NC). Standard length was compared between species and sites using a linear 
mixed model (MIXED procedure in SAS). Due to the low number of sites that contained both 
species, we nested sites within species and set it as a random effect. Similarly, we elected not to 
include drainage as an effect because only two of the seven drainages sampled yielded both 
species. Random effects in this and subsequent models were assessed using exact F tests. 
 Between- and within-species variation in luminance, color, and blue/red area were 
synthesized across multiple traits via principal components analyses (PCA) using correlation 
matrices (PRINCOMP procedure in SAS). The variables included in each PCA are given in 
Figure 2.3; the luminance and color channels of anal fin red were excluded because this trait was 
not discernible on most E. spectabile. The first two principal components of each PCA were then 
analyzed using linear mixed models for the effects of species and site nested within species, with 
standard length as a covariate and including standard length x species and standard length x site 
within species interactions. Site and its interaction with standard length were both treated as 
random effects. 
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 To determine the aspects of male coloration that were most predictive of species identity, 
we performed a stepwise discriminant function analysis using the forward selection method on E. 
caeruleum and E. spectabile combined (STEPDISC procedure in SAS). The variables included 
were the luminance and color channels for ten of eleven color traits (again excluding anal fin 
red), and the eight color areas. Discriminant function analyses were also performed for each 
species alone to determine the characters that were most predictive of population identity; anal 
fin red was included for E. caeruleum but excluded for E. spectabile.  
 
Pigment characterization. — We extracted pigments from male E. caeruleum (n=6) and E. 
spectabile (n=5) that were collected in May 2011 and not used in any other analyses. The fish 
were euthanized with an overdose of MS-222; red colored tissue was obtained from the second 
dorsal fin, and blue colored tissue was obtained from the first dorsal or the anal fin. The red 
colored tissue was ground using a mortar and pestle in 1 mL of 1% NH4OH until there were no 
visible clumps of pigmented tissue. The pigment was then transferred to a 1:1 solution of hexane 
and tert-butyl methyl ether by vigorous vortexing. The absorbance of the solution was measured 
from 270–700 nm on a UNICO 2800UV/VIS spectrophotometer. Because the quantity of 
pigment in the blue colored tissue was extremely low, the tissue was ground in 200 μL of 1% 
NH4OH, and the absorbance was measured from 220–750 nm using a NanoDrop ND-1000 
spectrophotometer. 
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RESULTS 
 
Body size. — The standard length was 47.6±0.78 mm (S.E.; range 33–64 mm) for E. caeruleum 
and 46.4±0.55 mm (36–64 mm) for E. spectabile. Standard length did not differ between species 
(F1,18=1.51, p=0.234), but did vary between sites nested within species (F18,187=4.77, p<0.0001). 
 
Luminance. — Variation in luminance was largely driven by body size in E. caeruleum and E. 
spectabile. The first principal component (PC1) accounted for 42.9% of total variation, dwarfing 
the second principal component (PC2) which accounted for 14.9% of total variation. PC1 scores 
were strongly negatively correlated with standard length and did not differ between species 
(Table 2.2, Fig. 2.4A). As all of the traits loaded positively onto PC1 (Fig. 2.3A), larger males 
were darker in both species. PC1 scores also varied among sites, though this effect was much 
smaller than the effect of size (Table 2.2); the lightest males overall appeared to be E. spectabile 
from Big Ditch and Wildcat Slough (Sites 11 and 13 in Fig. 2.5A). PC2 scores differed among 
sites and not between species or with standard length (Table 2.2). The largest loadings on PC2 
were on blue in the dorsal fins, first dorsal fin, and on the branchiostegal rays (Fig. 2.3B), 
implying that, for example, male E. caeruleum from Jordan Creek had relatively the lightest 
dorsal fins and darkest branchiostegal rays (Site 14 in Fig. 2.5A). 
 
Color. —- The first and second principal components captured relatively small amounts of the 
total variation in the color channels (24.4% and 15.7% respectively), suggesting that color 
variation was more complex than variation in luminance or blue/red area. PC1 exemplifies this 
observation, representing an axis of variation affected by species, site, and standard length (Table 
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2.2). Blue traits loaded more uniformly onto PC1 than red traits, with four of the five blue traits 
loading positively in both R-G and the G-B channels. Of the five red traits, two loaded positively 
onto the R-G and G-B channels, two negatively onto both, and one negatively onto R-G and 
positively onto G-B (Fig. 2.3C). Thus, color variation in the blue traits appears to be more 
conservative than in the red traits. 
 From the trait loadings on PC1, broad trends in color variation can be deduced. PC1 
scores were negatively correlated with body size (Fig. 2.4B), indicating that larger fish of both 
species tended to be bluer on the cheek, second dorsal fin, anal fin, and lateral bar (lower R-G 
and G-B values), and greener on the first dorsal fin (lower R-G and higher G-B values). As for 
the red characters, larger fish tended to be redder on the second dorsal fin and caudal peduncle 
spot (higher R-G and lower G-B values), more orange on the abdomen (higher R-G and G-B 
values), and less orange on the first dorsal fin and branchiostegal rays (lower R-G and G-B 
values). Similarly, most E. spectabile had lower PC1 scores than E. caeruleum (Fig. 2.4B), 
indicating that the above color trends in larger versus smaller fish was also applicable to E. 
spectabile versus E. caeruleum. PC1 scores further varied among populations; for example, the 
bluest males seemed to be E. caeruleum from Jordan Creek (Site 14 in Fig. 2.5B). Finally, the 
relationship between size and PC1 scores varied between species and among populations (Table 
2.2). 
 PC2 scores differed among populations, with a population by standard length interaction 
though no standard length correlation overall (Table 2.2). Almost all the red traits loaded 
positively and almost all the blue traits loaded negatively onto PC2 (Fig. 2.3D), suggesting a 
consistent intraspecific axis of color variation in which the males of some populations were 
overall bluer (lower R-G and G-B values) in their blue traits and more orange (higher R-G and 
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G-B values) in their red traits than males elsewhere. For example, male E. spectabile from 
Kaskaskia Ditch appeared to have the bluest/most orange coloration (Site 5 in Fig. 2.5B). 
 
Blue/red area. —– The pattern of variation in the proportional areas of blue starkly differed from 
that in the proportional areas of red. PC1 accounted for 41.0% of total variation and primarily 
reflected the differences in blue area, as all four blue areas had large positive loadings while 
three of the four red areas had loadings close to zero (Fig. 2.3E). The relative amount of blue 
coloration increased with body size in both species: E. spectabile had more blue area than E. 
caeruleum but showed a weaker correlation with size (Fig. 2.4C). Of the red areas, only the 
amount of red on the second dorsal fin increased with body size and differed between species. 
Linear regression analyses of each of these areas against standard length corroborated the strong 
correlations between blue areas and size, and conversely the lack of correlations between red 
areas and size, except on the second dorsal fin (Table 2.3). 
 As opposed to PC1, PC2 primarily captured differences in red area: three of the four red 
areas (the exception being the anal fin) had large positive loadings while all four blue areas had 
loadings close to zero (Fig. 2.3F). PC2 accounted for 23.5% of total variation and differed 
among sites, with a site by standard length interaction (Table 2.2). Different populations would 
therefore appear to vary in the amount of red coloration; for example, male E. spectabile from 
Wildcat Slough had the largest areas of red coloration on their bodies and dorsal fins (Site 13 in 
Fig. 2.5C). 
 
Discriminating between species and populations. — The between-species discriminant function 
analysis yielded a model with 20 predictor variables, of which ten represented blue traits and ten 
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red. The model accounted for 92.6% of interspecific variation, indicating that it could distinguish 
between species with high accuracy. The within-species discriminant function models were less 
successful: the model for E. caeruleum alone accounted for 62.4% of intraspecific variation and 
the model for E. spectabile alone accounted for 69.1% of intraspecific variation. The E. 
caeruleum model included 18 predictors, nine blue and nine red, while the E. spectabile model 
included eight predictor variables, three blue and five red (Table 2.4). 
 The best predictor in all three models was a variable associated with a red trait: anal fin 
red area for the interspecific model and different aspects of second dorsal fin red for the E. 
caeruleum and E. spectabile intraspecific models (Table 2.4). Anal fin red area was by far the 
best predictor of species identity, accounting for 63.2% of interspecific variation. No single 
variable or suite of variables was highly predictive of both species and population identity. Four 
variables occurred in both the between- and within-species discriminant function models, which 
were dominated by red traits: first dorsal fin red (G-B channel), second dorsal fin blue (R-G 
channel), and second dorsal fin red (luminance and R-G channel). 
 
Pigment characterization. — Different pigments were extracted from the blue and red colored 
tissues. From the blue colored tissue of both species, we obtained pigment that exhibited a 
decrease in absorbance centered on the blue-green region (500–530 nm). The profile of the 
absorption spectra, with rises in absorbance between 270–300 nm, 370–400 nm and 670–690 nm 
(Fig. 2.6A), was consistent with that of a blue chromoprotein pigment previously described from 
E. caeruleum (Boone 2011). The pigment from the red colored tissue in both species exhibited 
absorption spectrum profiles characteristic of a carotenoid, with absorption maxima at ~445 nm 
and ~470 nm (Fig. 2.6B). 
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DISCUSSION 
 
Between-species variation. — Male breeding coloration is an important diagnostic character in 
the darter genus Etheostoma, whose species often exhibit strong sexual dichromatism (Ceas and 
Page 1997; Ceas and Burr 2002; Powers et al. 2003). We found that male E. caeruleum and E. 
spectabile differed across multiple aspects of their coloration. The proportional area of red 
coloration in the anal fin was the best trait for differentiating these species; this result is 
consistent with previous qualitative descriptions that reported the presence of red on the anal fin 
in E. caeruleum but not in E. spectabile as the main color difference between them (Page 1983; 
Kuehne and Barbour, 1983). Anal fin red area was also highly conserved; unlike the other 
blue/red areas measured, it was neither correlated with standard length nor varied substantially 
among populations. If the red on the anal fin plays a role in cross-species signaling, it may have 
been subject to stabilizing selection. 
 The diversity of male breeding coloration among darters may play a role in behavioral 
isolation, which is an important species reproductive barrier in this group (Mendelson 2003). 
Winn (1958) observed that male E. caeruleum and E. spectabile did not act aggressively towards 
males of the other species. Since both E. caeruleum and E. spectabile compete with conspecific 
rivals for spawning opportunities (Winn 1958; M. Zhou and R. Fuller unpubl.), inappropriate 
heterospecific aggression may be costly in terms of lost time and effort. In the sympatric 
Splendid Darter (E. barrenense) and Banded Darter (E. zonale), male coloration appears to 
mediate species discrimination during both female-male and male-male interactions (Williams 
and Mendelson 2010, 2011). The range of interspecific color differences we found suggest that 
23 
 
behavioral isolation between E. caeruleum and E. spectabile may similarly be based on male 
coloration and on anal fin red coloration in particular. 
 
Within-species variation. — Multiple population-level differences in male breeding coloration 
were present, though these effects were invariably smaller than the effects of species or standard 
length. Interestingly, our principal component analyses revealed patterns of variation in 
luminance, color, and blue/red area that solely represented population differences, independent 
of species or overall body size effects (the second principal components). At least for color, we 
found an intraspecific axis in which almost all the red traits varied in the same direction and 
almost all the blue traits varied in the opposite direction, suggesting a genetic or plastic response 
to a factor that acts on red and blue coloration as a whole rather than on particular parts of the 
fish. 
 Several non-exclusive forces may explain one or more of these among-population 
differences. One possibility is that male coloration has diverged under non-selective processes 
(e.g. genetic drift); since E. caeruleum and E. spectabile inhabit small streams near the 
headwaters of river drainages and are not known to be highly mobile (Winn 1958), populations 
in different streams may be sufficiently isolated for genetic differentiation. Another possibility is 
that environmental differences (e.g. lighting, predation, competition) may have selected for 
different colors in different streams. In particular, overall variation in the carotenoid-based red 
traits may reflect differences in the available food supply at different locations, as animals must 
obtain carotenoids from their diet (Olson and Owens 1998). Further study is needed to examine 
these possibilities. 
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Size-based variation. — Body size was closely associated with the blue components of male 
breeding coloration, and to a lesser extent on the red components. Luminance was consistently 
correlated with size, with larger males darker overall than smaller males. The effect of size on 
color was largely consistent for blue traits, which were bluer/greener in larger males, but not for 
red traits, which could be more or less orange/red in larger males depending on the trait. 
Similarly, blue area was strongly correlated with size on all four fish regions, while the same was 
true of red area only on the second dorsal fin. 
 The correlation between male coloration and body size may suggest that the former—and 
blue coloration in particular—advertises the latter. Male size is positively correlated with 
reproductive success in a number of fish species (Hastings 1988; Thompson 1986; Magnhagen 
and Kvarnemo 1989; Maekawa et al. 1994; Jacob et al. 2009; Serbezov et al. 2010). Anecdotal 
observations of both E. caeruleum and E. spectabile have reported that sexually mature yearling 
males, which are less colorful than older males, are minimally successful in spawning with 
females and elicit less aggression from older males (Reeves 1907; Winn 1958). Experiments 
have also shown that larger males are better able to monopolize spawnings with females, and can 
thus presumably fertilize a higher proportion of her eggs (Fuller 1999; M. Zhou and R. Fuller 
unpubl.). Therefore, blue coloration in these species may signal male quality, either in terms of 
competitive ability in male-male interactions or attractiveness in male-female interactions. The 
expression of male ornaments is correlated with body size and/or other metrics of reproductive 
quality in many taxa (Kodric-Brown and Brown 1984; Alatalo et al. 1988). For example, in male 
Blue Grosbeaks (Guiraca caerulea), both blueness and the amount of blue coloration is 
positively correlated with body size, territory size, and feeding of nestlings (Keyser and Hill 
2000). Similarly, the blueness of rump feathers in male Blue-black Grassquits (Volatinia 
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jacarina) is positively correlated with body size and may play a role in male-male displays 
(Doucet 2002). As there is little evidence that female preference for more or less colorful males 
is important for reproductive success in either E. caeruleum or E. spectabile (Pyron 1995; Fuller 
2003), if there are component(s) of male coloration that advertise size in these species, they may 
be involved in male-male aggression. 
 
Overall patterns and conclusion. —  Several overarching patterns became evident when 
examining male breeding color variation in E. caeruleum and E. spectabile. First, body size 
appeared to be a larger source of variation than either species or population differences, as 
evidenced by the predominant effect of standard length on the first principal components of 
luminance, color, and blue/red area. Population was invariably the smallest contributor to total 
variation, and moreover included axes of variation that were decoupled from species- and size-
based effects. 
 The coloration on the first and second dorsal fins seemed to be particularly diverse. The 
best predictors of population identity within E. caeruleum and E. spectabile were both from traits 
located on the second dorsal fin. Additionally, the four predictor variables shared by the 
between- and within-species discriminant function models were all from traits located on the 
dorsal fins. During the breeding season, male E. caeruleum and E. spectabile perform dorsal fin 
flaring displays toward both conspecific rivals and males of the other species (Zhou and Fuller, 
unpubl.). If the dorsal fins play an important signaling role in these species, sexual selection may 
have driven color divergence on these parts more than elsewhere on the fish. 
 Finally, we observed broadly differing patterns for the blue versus the red components of 
male breeding coloration. Variation across the blue traits was more consistent and more strongly 
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related to body size, while variation across the red traits tended to be more diverse and more 
associated with interspecific and intraspecific differences. The different pigments responsible for 
blue versus red coloration in E. caeruleum and E. spectabile may underlie these different 
patterns. While the evolutionary significance of the novel blue chromoprotein pigment is 
virtually unknown (Boone 2011), numerous studies have examined the possible condition-
dependent nature of carotenoid-based male ornaments (Olson and Owens 1998; Møller et al. 
2000; Cotton et al. 2004; Griffith et al. 2006) 
 The apparent lability of carotenoid-based red coloration across and within E. caeruleum 
and E. spectabile, whether environmentally or genetically based, also contrasts with the view that 
carotenoid signals are evolutionarily constrained by their utility as “honest” signals (Prager and 
Andersson 2010). There may not be a single rule governing the conservation or diversification of 
carotenoid signals across animal taxa; for example, Hoffman et al. (2006) found continuous 
variation and multiple character shifts in plumage over a yellow-red range within the cacique 
lineage (Cacicus, Clypicterus and Ocyalus), implying high lability for these carotenoid-based 
colors. On the other hand, Kiere et al. (2009) found that plumage variation is not continuous but 
rather falls into discrete yellow and red categories (suggesting constraint) in the New World 
orioles (Icterus), which are closely related to caciques. Our results suggest that at least in E. 
caeruleum and E. spectabile, carotenoid-based red coloration may be more evolutionarily labile 
than blue coloration. In the Etheostoma subgenus Ulocentra, Gumm and Mendelson (2011) 
found a high degree of lability in all color classes (yellow, orange, red, and blue/green); thus the 
macroevolutionary patterns of color diversity may vary across darter lineages as well. 
 Multiple factors appear to influence male breeding coloration in E. caeruleum and E. 
spectabile, affecting various components of the coloration in different ways. The blue 
27 
 
components of the color pattern tend to vary along similar axes and are more strongly associated 
with body size, suggesting that they may play a role in reproductive interactions. The red 
components of the color pattern tend to vary along more diverse axes across and within species, 
suggesting they may play a role in interspecific or intraspecific discrimination. The coloration of 
the dorsal and anal fins may be of particular importance in signaling. These results offer 
promising avenues for further research into darter color evolution and diversification. 
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TABLES AND FIGURES 
 
Table 2.1. Field collection sites. 
Site   Drainage             n  Latitude Longitude 
     E. caeruleum E. spectabile      
1. Black Slough Embarras 0  12  039 58’40’’ N 088 10’30’’ W 
2. Deer Creek  Embarras 8  11  039 41’40’’ N 088 08’50’’ W 
3. Hackett Branch Embarras 8  11  039 55’20’’ N 088 15’40’’ W 
4. Farr Creek  Kankakee 8  0  041 09’50’’ N 087 44’30’’ W 
5. Kaskaskia Ditch Kaskaskia 0  14  040 08’30’’ N 088 20’30’’ W 
6. Page Run  Kaskaskia 0  12  039 59’40’’ N 088 16’00’’ W 
7. Clear Creek  Little Wabash 0  12  039 24’40’’ N 088 28’20’’ W 
8. Green Creek Little Wabash 0  12  039 15’30’’ N 088 31’40’’ W 
9. Mackinaw River Mackinaw 0  14  040 34’20’’ N 088 24’30’’ W 
10. Mackinaw  Mackinaw 0  10  040 31’50’’ N 088 39’10’’ W 
 Tributary 
11. Big Ditch  Sangamon 0  11  040 17’20’’ N 088 17’10’’ W 
12. Sangamon  Sangamon 0  9  040 15’10’’ N 088 25’10’’ W 
 Tributary 
13. Wildcat Slough Sangamon 0  4  040 21’50’’ N 088 14’10’’ W 
14. Jordan Creek Vermillion 13  0  040 04’30’’ N 087 49’30’’ W 
15. Middle Fork Vermillion 16  0  040 14’20’’ N 087 47’00’’ W 
16. Salt Fork  Vermillion 6  5  040 03’20’’ N 088 05’30’’ W 
17. Upper Salt Fork Vermillion 0  9  040 09’30’’ N 088 04’00’’ W 
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Table 2.2. Analyses of variance for color traits. 
 Effect     DF  F  p   
Luminance 
PC1 species     1, 18  0.27  0.608 
 standard length   1, 18  96.96  <0.0001 
 standard length x species  1, 18  1.65  0.215 
 site(species)    18, 167 1.89  0.020 
 standard length x site(species) 18, 167 1.51  0.091 
PC2  species     1, 18  3.48  0.078 
 standard length   1, 18  0.71  0.412 
 standard length x species  1, 18  0.29  0.594 
 site(species)    18, 167 1.69  0.045 
 standard length x site(species) 18, 167 1.15  0.312 
 
Color 
PC1 species     1, 18  14.56  0.001 
 standard length   1, 18  58.23  <0.0001 
 standard length x species  1, 18  6.12  0.024 
 site(species)    18, 167 2.66  0.001 
 standard length x site(species) 18, 167 2.25  0.004 
PC2  species     1, 18  3.14  0.093 
 standard length   1, 18  2.14  0.161 
 standard length x species  1, 18  3.58  0.075 
 site(species)    18, 167 2.60  0.001 
 standard length x site(species) 18, 167 2.86  0.0002 
PC3  species     1, 18  10.33  0.005 
 standard length   1, 18  83.87  <0.0001 
 standard length x species  1, 18  21.31  0.0002 
 site(species)    18, 167 1.11  0.347 
 standard length x site(species) 18, 167 0.99  0.478 
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Table 2.2. (cont’d) 
 Effect     DF  F  p   
Blue/red area 
PC1 species     1, 18  11.28  0.004 
 standard length   1, 18  153.26  <0.0001 
 standard length x species  1, 18  8.43  0.010 
 site(species)    18, 167 1.31  0.187 
 standard length x site(species) 18, 167 1.43  0.121 
PC2  species     1, 18  1.13  0.302 
 standard length   1, 18  0.00  0.968 
 standard length x species  1, 18  1.65  0.215 
 site(species)    18, 167 13.09  <0.0001 
 standard length x site(species) 18, 167 2.83  0.0003 
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Table 2.3. Standard length correlations for blue/red areas. 
Trait   β  DF  F  p   
Blue areas 
D1B area  0.017  1, 205  162.5  <0.0001 
D2B area  0.011  1, 205  101.0  <0.0001 
AB area  0.026  1, 205  242.6  <0.0001 
CRB area  0.013  1, 205  137.8  <0.0001 
Red areas 
D1R area  0.001  1, 205  1.91  0.168 
D2R area  0.011  1, 205  61.0  <0.0001 
AR area  0.0002  1, 205  0.07  0.796 
CRR area  0.001  1, 205  1.91  0.216 
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Table 2.4. Discriminant function analyses. 
Both species   E. caeruleum   E. spectabile 
Trait  ASCC  Trait  ASCC  Trait  ASCC   
AR area 0.632  D2R G-B 0.112  D2R lum* 0.120 
BR lum 0.738  D2B lum 0.176  CK R-G 0.226 
AB lum 0.843  BD G-B 0.220  D1R G-B* 0.316 
CK G-B 0.865  BD lum 0.282  CPS G-B 0.402 
BD R-G 0.873  CRB area 0.322  D1R area 0.464 
BD lum 0.880  D2R R-G* 0.383  D2B R-G* 0.572 
AB area 0.890  D2B G-B 0.425  D2B area 0.617 
BR R-G 0.900  D1R area 0.455  D2R R-G* 0.691 
AB R-G 0.903  D2B R-G* 0.480 
D2B R-G* 0.908  D1B G-B 0.507 
D2R lum* 0.910  D1R G-B* 0.523 
CPS lum 0.913  CRB area 0.542 
D1R G-B* 0.915  CK R-G 0.561 
D2R R-G* 0.917  AB lum 0.578 
LB G-B 0.919  D1B area 0.593 
LB lum 0.922  D1B lum 0.598 
AB B-B 0.922  D2R lum* 0.610 
D1R lum 0.923  CPS G-B 0.624 
D1B area 0.924 
CPS R-G 0.925 
CRB area 0.926 
* common to between- and within-species models 
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Figure 2.1. Map of central Illinois showing field collection sites and geographic ranges of E. 
caeruleum and E. spectabile. The sites are numbered as in Table 2.1. 
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Figure 2.2. Examples of (A) male E. caeruleum from Farr Creek, Kankakee River drainage and 
(B) male E. spectabile from Upper Salt Fork, Vermillion River drainage. Uppercase labels are 
abbreviations for color traits as given in Materials and Methods. Lowercase labels denote the fish 
regions used for blue/red area measurement: (a) first dorsal fin, (b) second dorsal fin, (c) anal fin, 
and (d) caudal region. 
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Figure 2.3. Eigenvector loadings, ordered by size, on all variables included in the principal 
component analyses, showing (A) luminance PC1, (B) luminance PC2, (C) color PC1, (D) color 
PC2, (E) blue/red area PC1, and (F) blue/red area PC2. Variable abbreviations are as given in 
Materials and Methods. 
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Figure 2.4. PC1 scores versus standard length for all individuals, showing (A) luminance, (B) 
color, and (C) blue/red area. E. caeruleum individuals are represented by closed circles and the 
solid line, E. spectabile individuals by open squares and the dashed line. 
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Figure 2.5. Mean PC1 versus PC2 scores (± S.E.) for all populations, showing (A) luminance, 
(B) color, and (C) blue/red area. E. caeruleum populations are represented by closed circles, E. 
spectabile populations by open squares. The sites are numbered as in Table 2.1. 
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Figure 2.6. Absorption spectra for (A) pigment obtained from blue colored tissue and (B) 
pigment obtained from red colored tissue. E. caeruleum individuals are represented by black 
lines, E. spectabile individuals by gray lines. 
 
39 
 
REFERENCES 
 
Alatalo, R. V., L. Gustafsson, and A. Lundberg. 1994. Male coloration and species recognition in 
sympatric flycatchers. Proceedings of the Royal Society of London B 256(1346):113–118. 
 
Alatalo, R. V., J. Hӧglund, and A. Lundberg. 1988. Patterns of variation in tail ornament size in 
birds. Biological Journal of the Linnean Society 34(4):363–374. 
 
Albert, A. Y. K., N. P. Millar, and D. Schluter. 2007. Character displacement of male nuptial 
colour in threespine sticklebacks (Gasterosteus aculeatus). Biological Journal of the Linnean 
Society 91(1):37–48. 
 
Barraclough, T. G., P. H. Harvey, and S. Nee. 1995. Sexual selection and taxonomic diversity in 
passerine birds. Proceedings of the Royal Society of London B 259(1355):211–215. 
 
Bergman, T. J., and J. C. Beehner. 2008. A simple method for measuring colour in wild animals: 
validation and use on chest patch colour in geladas (Therophithecus gelada). Biological Journal 
of the Linnean Society 94:231–240. 
 
Boone, K. 2011. Purification and characterization of blue and green chromoprotein pigments 
from the integument of male darters in the genus Etheostoma. M.S. dissertation. Duquesne 
University, Pennsylvania. 
 
Bossu, C. M., and T. J. Near. 2009. Gene trees reveal repeated instances of mitochondrial DNA 
introgression in orangethroat darters (Percidae: Etheostoma). Systematic Biology 58(1):114–129. 
 
Burns, T., S. Breathnach, N. Nox, and C. Griffiths (eds.). 2004. Rook’s Textbook of 
Dermatology 7th ed. Blackwell Publishing, Oxford. 
 
Butlin, R. 1989. Reinforcement of premating isolation. In: Otte, D. and J. A. Endler (eds). 
Speciation and its Consequences. Sinauer Associates, Sunderland, pp. 158–179. 
 
Carson, H. L. 1978. Speciation and sexual selection in Hawaiian Drosophila. In: Brussard, P. F. 
(ed). Ecological Genetics: The Interface. Springer-Verlag, New York, pp. 93–107. 
 
Ceas, P. A., and B. M. Burr. 2002. Etheostoma lawrencei, a new species of darter in the E. 
spectabile species complex (Percidae: subgenus Oligocephalus), from Kentucky and Tennessee. 
Ichthyological Exploration of Freshwaters 13:203–216. 
 
Ceas, P. A., and L. M. Page. 1997. Systematic studies of the Etheostoma spectabile complex 
(Percidae: subgenus Oligocephalus), with descriptions of four new species. Copeia 1997(3):496–
522. 
 
40 
 
Cotton, S., K. Fowler, and A. Pomiankowski. 2004. Do sexual ornaments demonstrate 
heightened condition-dependent expression as predicted by the handicap hypothesis? 
Proceedings of the Royal Society of London B 271(1541):771–783. 
 
Dominey, W. J. 1984. Effects of sexual selection and life history on speciation: species flocks in 
African cichlids and Hawaiian Drosophila. In: Echelle, A. A. and Kornfield, I. (eds). Evolution 
of Fish Species Flocks. University of Maine at Orono Press, Orono, pp. 231–249. 
 
Doucet, S. M. 2002. Structural plumage coloration, male body size, and condition in the blue-
black grassquit. The Condor 104(1):30–38. 
 
Endler, J. A. 1991. Variation in the appearance of guppy color patterns to guppies and their 
predators under different visual conditions. Vision Research 31(3):587–608. 
 
Endler, J. A. 2012. A framework for analysing colour pattern geometry: adjacent colours. 
Biological Journal of the Linnean Society 107(2):233–253. 
 
Fuller, R. C. 1999. Costs of group spawning to guarding males in the rainbow darter, Etheostoma 
caeruleum. Copeia 1999(4):1084–1088. 
 
Fuller, R. C. 2002. Lighting environment predicts relative abundance of male color morphs in 
bluefin killifish populations. Proceedings of the Royal Society of London B 269:1457–1465. 
 
Fuller, R. C. 2003. Disentangling female mate choice and male competition in the rainbow 
darter, Etheostoma caeruleum. Copeia 2003(1):138–148. 
 
Griffith, S. C., T. H. Parker, and V. A. Olson. 2006. Melanin- versus carotenoid-based sexual 
signals: is the difference really so black and red? Animal Behaviour 71(4):749–763. 
 
Griggio, M., L. Serra, D. Licheri, A. Monti, and A. Pilastro. 2007. Armaments and ornaments in 
the rock sparrow: a possible dual utility of a carotenoid-based feather signal. Behavioral Ecology 
and Sociobiology 61:423–443. 
 
Gumm, J. M., and T. C. Mendelson. 2011. The evolution of multi-component visual signals in 
darters (genus Etheostoma). Current Zoology 57:125–139. 
 
Hastings, P. A. 1988. Correlates of male reproductive success in the browncheek blenny, 
Acanthemblemaria crockeri (Blennioidea: Chaenopsidae). Behavioral Ecology and Sociobiology 
22:95–102. 
 
Hofmann, C. M., T. W. Cronin, and K. E. Omland. 2006. Using spectral data to reconstruct 
evolutionary changes in coloration: carotenoid color evolution in New World orioles. Evolution 
60:1680–1691. 
 
41 
 
Jacob, A., G. Evanno, E. Renai, R. Sermier, and C. Wedekind. 2009. Male body size and 
breeding tubercles are both linked to intrasexual dominance and reproductive success in the 
minnow. Animal Behaviour 77(4):823–829. 
 
Keyser, A. J., and G. E. Hill. 2000. Structurally based plumage coloration is an honest signal of 
quality in male blue grosbeaks. Behavioral Ecology 11(2):202–209. 
 
Kiere, L. M., C. M. Hofmann, J. J. Price, T. W. Cronin, and K. E. Omland. 2009. Discrete 
evolutionary color changes in caciques suggest different modes of carotenoid evolution between 
closely related taxa. Journal of Avian Biology 40:605–613. 
 
Kodric-Brown, A., and J. H. Brown. 1984. Truth in advertising: the kinds of traits favored by 
sexual selection. American Naturalist 124(3):309–323. 
 
Kuehne, R. A., and R. W. Barbour. 1983. The American Darters. University Press of Kentucky, 
Lexington. 
 
Lehtonen, P. K., T. Laaksonen, A. V. Artemyev, E. Belskii, C. Both, S. Bureš, A. V. Bushuev, I.  
Krams, J. Moreno, M. Mägi, A. Nord, J. Potti, P. A. Ravussin, P. M. Sirikiä, G. P. Sætre, and C. 
R. Primmer. 2009. Geographic patterns of genetic differentiation and plumage colour variation 
are different in the pied flycatcher (Ficedula hypoleuca). Molecular Ecology 18:4463–4476. 
 
Lessells, C. M., and P. T. Boag. 1987. Unrepeatable repeatabilities: a common mistake. The 
Auk: 116–121. 
 
Maan, M. E., K. D. Hofker, J. J. van Alphen, and O. Seehausen. 2006. Sensory drive in cichlid 
speciation. American Naturalist 167(6):947–954. 
 
Maekawa, K., S. Nakano, and S. Yamamoto. 1994. Spawning behaviour and size-assortive 
mating of Japanese charr in artificial lake-inlet stream system. Environmental Biology of  Fishes 
39:109–117. 
 
Magnhagen, C., and L. Kvarnemo. 1989. Big is better: the importance of size for reproductive 
success in male Pomatoschistus minutus (Pallas) (Pisces, Gobiidae). Journal of Fish Biology 
35:755–763. 
 
Martin, F. D., and R. D. Richmond. 1973. An analysis of five enzyme-gene loci in four 
etheostomid species (Percidae: Pisces) in an area of possible introgression. Journal of Fish 
Biology 5:511–517. 
 
McLeod, M. J., and D. L. Wynes, and S. I. Gutman. 1980. Lack of biochemical evidence for 
hybridization between two species of darters. Comparative Biochemistry and Physiology B 
67(2):323–325. 
 
Mendelson, T. C. 2003. Sexual isolation evolves faster than hybrid inviability in a diverse and 
sexually dimorphic genus of fish (Percidae: Etheostoma). Evolution 57:317–327. 
42 
 
Møller, A. P., C. Biard, J. D. Blount, D. C. Houston, P. Ninni, N. Saino, and P. F. Surai.  2000. 
Carotenoid-dependent signals: indicators of foraging efficiency, immunocompetence or 
detoxification ability? Poultry and Avian Biology Reviews  11:137–159. 
 
Olson, V. A., and I. P. F. Owens. 1998. Costly sexual signals: are carotenoids rare, risky or 
required? Trends in Ecology & Evolution 13(12):510–514. 
 
Ortolani, A. 1999. Spots, stripes, tail tips and dark eyes: Predicting the function of carnivore 
colour patterns using the comparative method. Biological Journal of the Linnean Society 
67:433–476. 
 
Owens, I. P. F., P. M. Bennett, and P. H. Harvey. 1999. Species richness among birds: body size, 
life history, sexual selection or ecology? Proceedings of the Royal Society of London B 
266:933–939. 
 
Page, L. M. 1983. Handbook of Darters. TFH Publications, Saddle Brook. 
 
Page, L. M., and B. M. Burr. 1991. A Field Guide to Freshwater Fishes of North America North 
of Mexico. Houghton Mifflin, Boston/New York. 
 
Powers, S. L., R. L. Mayden, and J. W. Armbruster. 2003. Etheostoma cervus: A New Species 
from the Forked Deer River System in Western Tennessee with Comparison to Etheostoma 
pyrrhogaster (Percidae: Subgenus Ulocentra). Copeia 2003(3):576–582. 
 
Prager, M., and S. Andersson. 2010. Convergent evolution of red carotenoid coloration in 
widowbirds and bishops (Euplectes spp.). Evolution 64:3609–3619. 
 
Pyron, M. 1995. Mating patterns and a test for female mate choice in Etheostoma spectabile 
(Pisces, Percidae). Behavioral Ecology and Sociobiology 36:407–412. 
 
Reeves, C. D. 1907. The breeding habits of the rainbow darter (Etheostoma cœruleum Storer), a  
study in sexual selection. Biological Bulletin 14(1):35–59. 
 
Scott, R. J. 2001. Sensory drive and nuptial colour loss in the three-spined stickleback. Journal of 
Fish Biology 59:1520–1528. 
 
Seehausen, O., and J. J. M. Van Alphen. 1999. Can sympatric speciation by disruptive sexual 
selection explain rapid evolution of cichlid diversity in Lake Victoria? Ecological Letters 2:262–
271. 
 
Seehausen, O., and D. Schluter. 2004. Male-male competition and nuptial-colour displacement 
as a diversifying force in Lake Victoria cichlid fishes. Proceedings of the Royal Society of 
London B 271(1546):1345–1353. 
 
43 
 
Serbezov, D., L. Bernatchez, E. M. Olsen, and L. A. Vøllestad. 2010. Mating patterns and 
determinants of individual reproductive success in brown trout (Salmo trutta) revealed by 
parentage analysis of an entire stream living population. Molecular Ecology 19:3193–3205. 
 
Thompson, S. 1986. Male spawning success and female choice in the mottled triplefin, 
Forsterygion varium, (Pisces: Triperygiidae). Animal Behaviour 34:580–589. 
 
West-Eberhard, M. J. 1983. Sexual selection, social competition and speciation. Quarterly 
Review of Biology 58:155–183. 
 
Williams, T. H., and T. C. Mendelson. 2010. Behavioral Isolation Based on Visual Signals in a 
Sympatric Pair of Darter Species. Ethology 116:1038–1049. 
 
Williams, T. H., and T. C. Mendelson. 2011. Female preference for male coloration may explain 
behavioural isolation in sympatric darters. Animal Behaviour 82(4):683–689. 
 
Winn, H. E. 1958. Observations on the reproductive habits of darters (Pisces–Percidae). 
American Midland Naturalist 59:190–212. 
 
Wlasiuk, G., J. C. Garza, and E. P. Lessa. 2003. Genetic and geographic differentiation in the 
Rio Negro tuco-tuco (Ctenomys rionegrensis): inferring the roles of migration and drift from 
multiple genetic markers. Evolution 57:913–926. 
 
Wright S. 1931. Evolution in Mendelian populations. Genetics 16:97–159. 
 
Yasir, I., and J. G. Qin. 2009. Effect of light intensity on color performance of false clownfish, 
Amphiprion ocellaris Cuvier. Journal of the World Aquaculture Society 40:337–350. 
  
44 
 
 
 
CHAPTER 3 
 
SEXUALLY ASYMMETRIC COLOR-BASED SPECIES DISCRIMINATION IN 
ORANGETHROAT DARTERS 
 
ABSTRACT 
 
 Female mate preferences, male mate preferences, and male-male competition can all 
potentially play roles in promoting speciation by sexual selection. The orangethroat darter 
(Etheostoma spectabile) is a sexually dichromatic fish in which males compete for access to 
females. We quantified male and female responses to conspecific versus heterospecific fish 
under normal light, dim light, and blue light, the last of which impaired color perception. We 
found that behavioral isolation was mediated solely by male behavioral discrimination against 
heterospecific fish, with females exhibiting no evident mate preferences. Furthermore, male 
aggression towards conspecific rivals was reduced in blue light, suggesting that the evolution of 
male coloration may contribute to speciation through male-male interactions. 
 
INTRODUCTION 
 
 Sexual selection has long been hypothesized to drive speciation through co-evolution of 
male ornaments and female preference, which results in behavioral isolation when two 
populations diverge in both traits to such a degree that females of one population no longer 
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recognize males of the other population as potential mates (Fisher, 1930; Lande, 1981). Under 
traditional sexual selection theory, females are expected to exhibit conspecific mate recognition 
for the same reason that they are expected to be choosy in selecting mates: female gametes are 
more costly to produce than male gametes, hence the cost of making a “mistake” with a mate of 
inferior quality or incorrect species should be correspondingly higher for females than for males 
(Bateman, 1948; Wirtz, 1999). 
 However, male preferences for females have also been reported from multiple taxa, and 
may be selectively advantageous if males invest heavily in reproductive behaviors, e.g. parental 
care (Bonduriansky, 2001). Just as choosy females should be reticent to mate with heterospecific 
males due to negative fitness consequences, choosy males may similarly be predicted to 
discriminate against heterospecific females; as a result, the evolution of behavioral isolation may 
rely on both sexes (Svensson et al., 2007; Kozak et al., 2009; O’Rourke and Mendelson, 2010). 
Further complicating the picture is male-male competition, which is increasingly recognized as a 
selective force underlying male ornament diversification (West-Eberhard, 1983). By promoting 
male trait divergence and/or modulating the effect of female preferences, male-male competition 
may directly contribute to speciation (Seehausen and Schluter, 2004; Dijkstra and Groothuis, 
2011; Hunt et al., 2009). These three forces—female mate preferences, male mate preferences, 
and male-male competition—may all interact to shape the form of selection on sexually 
dimorphic traits and behavioral isolation, and ideally all three should be considered when 
examining how sexual selection can drive speciation. 
 Darters (Percidae: Etheostomatinae) are a group of North American freshwater fishes that 
exhibit high diversity (approximately 250 species) and widespread sexual dichromatism (Page, 
1983; Near et al., 2011). Behavioral isolation appears to be the most important reproductive 
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barrier between darter species, evolving faster and farther towards completion than other 
isolating mechanisms such as postzygotic hybrid inviability (Mendelson, 2003). Previous 
research suggests that behavioral isolation may be based on preferences for species-specific male 
coloration; both male and female banded darters (Etheostoma zonale) and splendid darters (E. 
barrenense) prefer to associate with fish models painted in conspecific colors (Williams and 
Mendelson, 2011; 2013). Darters thus represent potentially fruitful subjects for understanding 
how the diversification of male coloration may facilitate speciation. 
 The orangethroat darter (E. spectabile) and the rainbow darter (E. caeruleum) are 
members of the subgenus Oligocephalus that are similar in morphology, behavior, and ecology. 
Males of both species exhibit blue-green and orange-red breeding coloration. The most obvious 
visual difference between male E. spectabile and E. caeruleum is the presence of an orange-red 
color patch on the anal fin of the latter. They have widely overlapping ranges in the eastern 
United States and often co-occur in close proximity (Kuehne and Barbour, 1983; Page, 1983). 
Both species spawn during the spring and lack parental care; males are non-territorial and follow 
gravid females while attempting to drive away conspecific rivals. Females that are ready to 
spawn bury themselves shallowly in the substrate; with the arrival of one or more males, the fish 
release eggs and sperm (Winn, 1958). There is little evidence for inviability in E. spectabile‒E. 
caeruleum hybrids, at least in the F1 generation (Hubbs & Strawn, 1957; Linder, 1958). 
Nevertheless, reproductive isolation between these species is heightened to near-completion in 
sympatry relative to allopatry, suggesting that there is selective pressure against heterospecific 
mating (Zhou and Fuller, 2014). Female E. spectabile show no preference for more colorful 
males or for conspecific males in dichotomous choice trials (Pyron, 1995). Sexual selection on 
47 
 
male coloration, and any resultant effects on behavioral isolation, may therefore occur via 
alternative processes to female preference, such as male-male competition. 
 
MATERIALS AND METHODS 
 
We conducted a series of behavioral observation trials to assess (1) the relative 
contributions to sexual selection and behavioral isolation by male and female E. spectabile, and 
(2) the signaling role of male coloration in within- and across-species interactions. To determine 
whether male coloration encodes behaviorally relevant information, we used colored lighting to 
disrupt color perception by the fish. As a pilot study to inform our lighting treatments, we 
investigated the visual pigments of E. spectabile and E. caeruleum via microspectrophotometry 
(MSP). Similar behavioral experiments using lighting manipulation have been conducted in 
guppies (Poecilia reticulata), three-spine sticklebacks (Gasterosteus aculeatus), and cichlids 
(Haplochromis nyererei complex), wherein female preferences for a particular color expressed 
by the males could be eliminated using lighting conditions that impeded the perception of that 
color (Long and Houde, 1960; Milinski and Bakker, 1990; Seehausen and van Alphen, 1998; 
Brooks and Endler, 2001). 
 
Microspectrophotometry. — Adult E. spectabile (n= 2 females) and E. caeruleum (n=1 female, 
2 males) were collected by kick-seine from a tributary of the Embarras River (Douglas Co., 
Illinois) in June 2009 and transported to Cornell University, Ithaca, New York. MSP was 
performed following the methods described in Loew (1994). The fish were dark-adapted for at 
least 12 hours and then euthanized by cervical transection under infrared light. The eyes were 
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enucleated, hemisected, and placed in Sorensen’s phosphate buffer (pH 7.2) with 6% sucrose, 
whereupon the retinas were separated from the pigment epithelium with razor blades and 
tungsten needles. Pieces of retina were sandwiched between two cover slips sealed with grease 
and transferred to the microspectrophotometer.  
 The measurement of absorbance has been described in detail elsewhere (Provencio et al., 
1992; Loew, 1994). Briefly, absorbance was recorded from single cone and rod cells in 1.0 nm 
increments from 750 to 300 nm and then back to 750 nm. The data were smoothed using the 
“smooft” digital filtering routine (Press et al., 1989) and the smoothed spectrum was then 
overlaid with the unsmoothed spectrum and inspected by eye to ensure no shift in the apparent 
maximum. The absorbance maximum (λmax) was determined by fitting vitamin A1 and A2 
template curves from Lipitz and Cronin (1988), using the Mansfield’s method as described in 
MacNichol (1986). Data that did not meet the selection criteria given in Loew (1994) were 
disregarded. We averaged the λmax values of the three cell types from each individual. 
  
Experimental observations. — Adult E. spectabile and E. caeruleum were collected by kick-
seine from three adjacent tributaries of the Salt Fork River, Illinois in April and May of 2013, 
during the breeding season of these species. Both species were encountered at all three sites 
during the collection period. The fish were maintained in group tanks segregated by species and 
sex, at a temperature of 20° C and a 13:11 light:dark cycle. Fish were fed frozen bloodworms 
(chironomid larvae) daily; behavioral observations were performed prior to feeding on that day. 
 Behavioral trials took place in a 38 L aquarium (bottom area 25 cm x 50 cm) with 
naturalistically colored gravel substrate. Illumination was provided by six 15 watt “daylight” 
fluorescent tubes (Damar F15t/8d) positioned directly above the tank. Three light quality 
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treatments were used: control (no filter), gray, and blue. The gray treatment was achieved by 
passing the overhead light through four 0.6 “Neutral Density” filter sheets (LEE Filters). 
Similarly, the blue lighting treatment was achieved via a single “Winter Blue” color filter sheet 
(LEE Filters). The blue lighting treatment was designed to suppress stimulation of the LWS 
cones in the retina (see Results), and thus interfere with the fish’s ability to discern the orange 
and red components of male breeding coloration. To assess the effectiveness of the lighting 
filters, we measured the downwelling irradiance using an Ocean Optics USB 2000 
spectrophotometer connected to a 400 μm diameter patch cord connected to a cosine corrector. A 
calibrated Deuterium-Halogen 2000 lamp (Ocean Optics) was used to calibrate the 
spectrophotometer, and data were taken using SpectraSuite software. The gray filter yielded light 
with a similar profile to the control at much lower intensity (Fig. 3.1A, B), whereas the blue filter 
virtually eliminated wavelengths above 530 nm while allowing through blue light of 400–530 
nm (Fig. 3.1A). Hence, the gray filter allowed through less light overall than the blue filter, but 
with similar spectral characteristics to the control. 
 We tested the effects of light quality (control, gray, or blue) and rival male identity 
(conspecific or heterospecific) on darter reproductive behavior in a 3 x 2 factorial design. Thus, 
behavioral trials were conducted in sets of six; each set involved a focal male E. spectabile, a 
rival male (either an E. spectabile or an E. caeruleum), and a gravid female E. spectabile. Thus, 
the same focal male and female were used in all six trials, whereas the two rival males were each 
used for three trials. The rival male E. spectabile were selected to be subdominant to the focal 
male E. spectabile. Relative dominance was determined prior to the experiment via observations 
of male interactions in the group tanks; when two given males met each other, the male that gave 
way over multiple encounters was assessed as subdominant to the other. 
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Before the trials began, the focal male was placed in the observation tank and allowed to 
acclimate for one hour. Each behavioral trial began with the introduction of a rival male and 
female and lasted 30 minutes. The six light quality/rival male identity treatments were presented 
in random order, with five minutes between trials under normal light. We tested 12 focal males, 
for a total of 72 behavioral trials. The female did not spawn in 3 of the 12 sets of trials; excluding 
these trials from our analyses did not qualitatively change the results. 
 
Behavioral assays. — Three measures of male-female interaction (female pursuit, nosedigs, and 
spawning) and two measures of male-male interaction (fin flares and attacks) were scored for 
each behavioral trial: 
 (1) Female pursuit was assessed as follows: the trial was divided into 30-second blocks, 
and a male was recorded as having followed the female during a block if he remained within one 
body length of the female for at least five consecutive seconds. Female pursuit was then scored 
as the proportion of blocks (out of 60 total) in which the male followed the female. 
 (2) Nosedigs are a behavior in female E. spectabile and E. caeruleum, wherein the female 
digs head-first into the substrate. As nosedigs are typically performed only in the presence of a 
male and closely precede spawning, they represent a direct measure of female preference. We 
recorded the identity of male(s) present within one body length for all nosedigs. 
 (3) Spawning involves the female burying herself shallowly in the substrate, whereupon 
she is joined by one or more males and they release eggs/sperm. For each spawning bout, the 
identity of the male(s) involved was recorded. If only one male participated in the spawning, 
then he was given a score of ‘1’; if both males participated, the male that initiated spawning was 
given a score of ‘0.75’ and the male that secondarily joined the spawning (the sneaker) was 
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given a score of ‘0.25’. These scores were then summed to produce a per-trial spawning score for 
each male. Instances in which the female adopted a spawning position but was not subsequently 
joined by a male (due to interference from the rival male) were recorded as “incomplete” and 
excluded from analyses. 
 (4) Fin flares are an intrasexual behavior in male E. spectabile and E. caeruleum in which 
the first dorsal fin, and sometimes also the second dorsal fin and anal fin, are fully extended in 
response to the arrival of a rival male. We recorded the number of fin flares performed by each 
male during the trial. 
 (5) Attacks involve one male chasing and attempting to bite the other male. We recorded 
the number of attacks performed by each male during the trial. 
 
Statistical analyses. — We analyzed the five behaviors assayed (female pursuit, fin flares, 
attacks, nosedigs received, and spawning success) using general linear mixed models. First, we 
compared the behavior of the focal male E. spectabile in trials with a conspecific rival male 
versus in trials with a heterospecific rival male. The factors included in the model were trial type 
(conspecific/heterospecific), light quality (control/gray/blue), and their interaction. For the 
analysis of nosedigs received, we included female pursuit in the model as a covariate to control 
for the differing amount of time that each male spent close to the female. For the analysis of 
spawning success, nosedigs received was included as a covariate so that male reproductive 
success could be assessed relative to female preference. The individual identity of the focal male 
was included as a repeated measure. 
 Second, we compared the behavior of the focal male in the conspecific trials to that of the 
rival E. spectabile. The models used were the same as above, except with male identity 
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(focal/rival) in place of trial type. Third, we compared the behavior of the focal male in the 
heterospecific trials to that of the rival E. caeruleum. Again, we used the same model as above 
but with male species (E. spectabile/E. caeruleum) replacing rival male species. The number of 
repeated measures per focal male was 6 for the first comparison, and 3 for the second and third 
comparisons. All analyses were performed in SAS (version 9.3, SAS Institute, Cary, NC). 
 
RESULTS 
 
Microspectrophotometry. — Both E. spectabile and E. caeruleum possessed single cones, 
double cones, and rods (Fig. 3.2A). The single cones contained a middle-wavelength sensitive 
(MWS) pigment with a λmax of 508.0±2.8 (S.E.) nm (range 501.9‒510.8 nm), whereas the double 
cones contained a long-wavelength sensitive (LWS) pigment with a λmax of 604.7±0.8 nm (range 
601.8‒606.6 nm) (Fig. 3.2B). The rods had a λmax of 523.5±1.7 nm (range 520.0‒529.6 nm). In 
all samples, the A2 template provided the best fit to the data. A two-cone visual system with 
MWS and LWS pigments is also found in other Etheostoma species (Gumm et al., 2012). 
 
Focal male behavior. — Across all trials, focal male E. spectabile pursued and attempted to 
spawn with the female. The amount of time focal males spent in proximity to the female did not 
differ between conspecific trials and heterospecific trials. Focal males also performed 
comparable numbers of fin flare displays to both subdominant male E. spectabile and male E. 
caeruleum. On the other hand, focal males vigorously attacked subdominant conspecific males to 
drive them away from the female, but seldom attacked heterospecific males (Table 3.1, Fig. 
3.3A–C). 
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 Simply reducing overall light intensity without changing spectral characteristics had little 
effect on male behavior. Specifically, the behavior of focal males did not differ between the 
control and gray light quality treatments. Under blue lighting however, focal males spent less 
time pursuing the female and directed far fewer attacks toward the subdominant male (Table 3.1, 
Fig. 3.3A, C). There was also a non-significant trend toward fewer fin flares under blue lighting, 
particularly in trials involving a heterospecific male (Table 3.1, Fig. 3.3B). 
 
Subdominant male behavior. — Invariably, subdominant male E. spectabile also attempted to 
pursue and spawn with the female. Under control and gray lighting, subdominant males were 
attacked by the dominant male and consequently spent less time in proximity to the female. 
Under blue lighting, subdominant and dominant males spent similar amounts of time close to the 
female, though the male identity by color filter interaction term for female pursuit was not 
significant. Not surprisingly, the subdominant male performed fewer fin flares and virtually no 
attacks toward the dominant male, a pattern that was consistent regardless of light quality (Table 
3.2, Fig. 3.3A‒C). 
 
Heterospecific male behavior. — Male E. caeruleum exhibited behavioral discrimination against 
E. spectabile of both sexes, irrespective of light quality. Male E. caeruleum spent much less time 
in proximity to the female than the male E. spectabile. Male E. caeruleum also performed fewer 
fin flares toward, and almost never attacked, male E. spectabile (Table 3.3, Fig. 3.3A‒C). 
 
Female preference. — No evidence for female preference was found either within or between 
species. Across all trials, males received nosedigs in proportion to the amount of time they spent 
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in proximity to the female, i.e. dominant male E. spectabile received more nosedigs than 
subdominant conspecific males, and male E. spectabile received more nosedigs than male E. 
caeruleum. When time spent in proximity to the female is accounted for, there was no difference 
in the number of nosedigs received by dominant versus subdominant conspecific males, or by 
conspecific versus heterospecific males. Nosedig performance was not affected by light quality 
(Tables 3.2, 3.3, Fig. 3.3D). 
 Male reproductive success was proportional to female preference, as measured by the 
number of nosedigs received by each male. When the number of nosedigs received is taken into 
account, there was no difference in spawning score between dominant and subdominant 
conspecific males, or between conspecific and heterospecific males. Again, there was no effect 
of light quality (Tables 3.2, 3.3, Fig. 3.3E). Though not common, heterospecific spawning was 
observed between multiple individual fish. 
 
DISCUSSION 
 
Visual system of darters. –– The retinas of adult E. caeruleum and E. spectabile contain rods, 
MWS single cones, and LWS double cones. As these species appear to be insensitive to short 
and ultraviolet wavelengths of light, the lack of UV irradiance during our behavioral 
observations should not have affected the results. A dichromatic visual system based solely on 
rods, MWS cones, and LWS cones has also been reported from darters in the subgenus 
Ulocentra (Gumm et al., 2012), as well as from species of Perca and Sander (Ali et al., 1977; 
Loew and Lythgoe; 1978), suggesting that all adult percids may share this system. SWS cones 
are present in juvenile yellow perch (P. flavescens) (Loew and Wahl, 1991), and the same may 
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be true in darters. The peak sensitivity of rods and LWS cones in E. caeruleum and E. spectabile 
are within the range of Ulocentra species, whereas the peak sensitivity of MWS cones are 
slightly lower (Gumm et al., 2012). Variation in photoreceptor peak sensitivity among darter 
species may reflect variation in the spectral characteristics of species-specific male breeding 
coloration (Gumm and Mendelson, 2011). 
 
Species discrimination by males and females. — Our study indicates that male behavior is the 
primary contributor to behavioral isolation in this system. Four observations support this 
conclusion: first, male E. spectabile demonstrated the capacity for recognizing conspecific 
versus heterospecific males by behaving more aggressively toward male E. spectabile than male 
E. caeruleum. Second, male E. spectabile pursued female E. spectabile whereas male E. 
caeruleum did not, indicating that males of both species could recognize conspecific versus 
heterospecific females. Third, female E. spectabile did not appear to discriminate against either 
subdominant conspecific males or heterospecific males; relative to the amount of time that each 
type of male spent pursuing the female, female receptiveness (i.e. performance of nosedigs) to 
these presumably suboptimal mates were no different than to dominant conspecific males. 
Finally, there was no evidence that female E. spectabile were less likely to spawn with a 
heterospecific male, as the ratio of nosedigs to spawning did not differ between male E. 
spectabile and E. caeruleum. These results are consistent with the lack of intraspecific 
choosiness in female E. spectabile, which do not exhibit preferences for male size or coloration 
(Pyron, 1995), but are at odds with traditional sexual selection theory which predicts that females 
should be choosier than males due to differential resource costs arising from anisogamy 
(Andersson, 1994; Saetre, et al., 1997; Wirtz, 1999). 
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 One possible explanation for this sexual asymmetry in behavioral isolation is that a high 
cost of reproductive behaviors for male E. spectabile and E. caeruleum has selected for male 
species discrimination while alleviating the need for female choosiness. Pursuing and guarding 
females is highly time-intensive, with our control trials showing dominant male E. spectabile 
spending on average over half their time close to the female; presumably, males thusly engaged 
in nature are exposed to predators and are not foraging. In addition, densities of male E. 
spectabile can reach 20–40 fish/m2 in the wild, resulting in intense intrasexual competition 
(Pyron, 1995). The act of chasing off rival males in itself often preoccupies the dominant male, 
preventing him from actually spawning with the female and presenting opportunities for other 
rival males to approach (Fuller, 1999; pers. obs.). Male species discrimination in darters with 
mate-guarding would thus be favorable so as to avoid the cost of pursuing an inappropriate 
heterospecific female or attacking a heterospecific male that poses no competition. Several 
studies have examined how high costs of male mating effort (e.g. from parental investment, 
male-male competition) can drive the evolution of male choosiness (Bonduriansky, 2001; Wong 
and Jennions, 2003; Edward and Chapman, 2011). In the damselfly Calopteryx virgo, male 
preference for conspecific females is stronger than the reciprocal female preference for 
conspecific males, possibly due to elevated predation risk for males performing courtship 
(Svensson et al., 2007). 
 Male behavior seemed to ensure that female E. spectabile encountered dominant 
conspecific males far more often than subdominant conspecific males or heterospecific males. 
Thus, there may be little cost to the females’ lack of choosiness, particularly since female E. 
spectabile and E. caeruleum release their eggs in numerous small batches over hours to days. As 
such, for the female to make a “mistake” in any single spawning bout may not incur a substantial 
57 
 
fitness cost. Curiously, we found subdominant male E. spectabile had similar spawning success 
to dominant male E. spectabile across all light quality treatments, suggesting that reduced 
competitive ability is not strongly detrimental to male fitness. It may be that the confined area of 
the aquarium rendered dominant males unable to permanently drive away the subdominant rival 
and monopolize the female, resulting in the subdominant males obtaining inflated reproductive 
success relative to what would occur in nature. Anecdotal field observations of E. spectabile and 
E. caeruleum indicate that smaller, less dominant males are minimally successful in spawning 
with females (Reeves, 1907; Winn, 1958). 
 Where they occur in sympatry, E. spectabile and E. caeruleum can often be found in 
close proximity. Given that they share the same breeding season and spawning habits, males and 
females of these species likely encounter each other in the wild as in our behavioral trials. 
Despite the apparent lack of demonstrable species discrimination in females, we found that 
positive and negative discrimination by males was sufficient to ensure that hybridization 
remained rare. During our behavioral trials, heterospecific spawning usually occurred when a 
male E. caeruleum encountered a female E. spectabile already in spawning position, i.e. buried 
in the gravel. The likelihood of such an event is probably lower in nature than in the enclosed 
space of an aquarium, and thus hybridization between E. spectabile and E. caeruleum may be 
less frequent still than our data suggest. Behavioral isolation based mostly or entirely on male 
mate choice has seldom been documented in other taxa; one example occurs in Heliconius 
butterflies, in which females cannot resist male copulation attempts and thus male preference for 
conspecific color patterns is responsible for preventing heterospecific mating (Bates, 1862; 
Jiggins, 2001). 
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Role of male breeding coloration in interspecies interactions. — The behavior of male, but not 
female, E. spectabile was affected by the disruption of color perception under lighting filters. 
Dominant male E. spectabile spent less time pursuing the female, and launched fewer attacks on 
the subdominant male E. spectabile, when in blue light as compared to control or gray light. Fish 
behavior in gray light was similar to the control, suggesting that behavioral differences under 
blue light were not simply due to reduced light intensity as overall irradiance under the gray 
lighting was lower than under the blue lighting (Fig. 3.1A). 
 As the blue lighting filter blocked most light at wavelengths above ~530 nm, the fish’s 
ability to detect and discriminate orange and red color was likely impaired. The male breeding 
coloration of E. spectabile and E. caeruleum consists of blue-green and orange-red components; 
the latter is more predictive of species identity, and the presence/absence of an orange-red color 
patch on the anal fin is the most obvious visual difference between males of these two species 
(Page, 1983; Zhou et al., 2014). Thus, the blue filter may have disrupted the perception of 
species-specific cues in particular. 
 The lighting filters may have also had an overall suppressive effect on male reproductive 
behavior, as amount of female pursuit, fin flares, and attacks performed by focal male E. 
spectabile all trended downward from control to gray to blue light even when the effect was not 
significant (Fig. 3.3A‒C). Variation in ambient light intensity has been shown to modulate male 
courtship behavior in the guppy; male courtship behavior diminishes with increasing light 
intensity, possibly due to increasing predation risk (Endler, 1987; Long and Rosenqvist, 1988). 
Since darters are diurnal (Page 1983), overall activity levels may be positively correlated with 
light intensity. 
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 That the blue lighting substantially reduced the frequency of male-male attacks, but not 
fin flare displays, suggests that these agonistic behaviors may differ in function. Male E. 
spectabile performed fin flares toward both conspecific and heterospecific males, while attacks 
were largely restricted to conspecific males. This pattern is consistent with fin flaring being a 
generalized signal relevant to multiple species, perhaps common to Oligocephalus or sexually 
dichromatic darters as a whole. Outside Oligocephalus, dorsal fin flaring has also been observed 
in male E. zonale and E. barranense (Williams and Mendelson, 2010). Flaring of the dorsal and 
anal fins may serve to advertise species-specific color cues to approaching male darters, resulting 
in either escalation or de-escalation depending on species of the receiver. In our trials, blue light 
may have impeded the ability of male E. spectabile to identify conspecific rivals, thus inhibiting 
further aggression. Such a signaling system would be comparable to dewlap displays in Anolis 
lizards. Anolis dewlaps exhibit high interspecific diversity in coloration (Fitch and Hillis, 1984; 
Nicholson et al., 2007), and male Anolis perform initial dewlap displays towards any novel 
object. Experiments with A. marcanoi have shown that subsequent escalation to overt aggression 
is dependent on the identification of the receiver as a conspecific male, with the species-
characteristic color of the dewlap being a definite factor (Losos 1985). 
 
Overall conclusions. — Behavioral isolation between E. spectabile and E. caeruleum appears to 
be based mainly on male species discrimination, with non-evident female discrimination. 
Although behavioral isolation is widespread among darters and appears to be the primary 
mechanism for reproductive isolation (Mendelson 2003), this pattern has not been reported in 
other species. In the banded darter (E. zonale), splendid darter (E. barrenense), and black 
snubnose darter (E. duryi), both males and females preferentially associate with conspecific fish 
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over heterospecific Etheostoma (Williams and Mendelson, 2010; Martin and Mendelson 2013). 
On the other hand, in the saffron darter (E. flavum) neither males nor females exhibit preferences 
for conspecific fish (Martin and Mendelson, 2013). A sex difference in species discrimination is 
present in the blackfin darter (E. nigripinne) but in the opposite direction to our results: females 
strongly prefer conspecific males while males do not consistently prefer conspecific females 
(O’Rourke and Mendelson, 2010). This diversity in choosiness and discrimination behavior 
suggests that darter speciation may be complex, shaped by different selective forces in different 
clades. One potential contributing factor may be variation in spawning habits: E. spectabile and 
E. caeruleum are egg-buriers, E. zonale, E. barrenense, E. duryi, and E. flavum are egg-attachers, 
and E. nigripinne exhibits territoriality and parental care (Simon and Wallus, 2005). 
 The breeding coloration of male E. spectabile and E. caeruleum appears to function 
primarily in interactions with other males rather than in attracting females, raising the possibility 
that male-male aggression within and across species may be an important driver of male color 
diversification in darters. Relatively little is known about how interspecific competition may 
promote signal divergence and speciation (Grether et al., 2009). Male-male competition has been 
suggested to contribute to color diversification among haplochromine cichlids in Lake Victoria, 
as males of novel color morphs elicit less aggression from other males (Seehausen and Schluter, 
2004; Pauers et al., 2008; Dijkstra and Groothuis, 2011). Our results suggest that male-male 
competition may be an underappreciated factor underlying male ornament diversification, 
particularly in taxa with weak or absent female preference. 
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TABLES AND FIGURES 
 
Table 3.1. Comparison of focal male E. spectabile behavior in the presence of a conspecific 
versus a heterospecific rival male. 
Effect     d.f.  F  P   
Female pursuit 
Trial type    1, 11  0.26  0.622 
Light quality    2, 22  5.93  0.009 
Trial type x light quality  2, 22  0.01  0.086   
Fin flares 
Trial type    1, 11  1.03  0.331 
Light quality    2, 22  2.81  0.082 
Trial type x light quality  2, 22  0.91  0.417   
Attacks 
Trial type    1, 11  13.36  0.004 
Light quality    2, 22  3.49  0.048 
Trial type x light quality  2, 22  2.11  0.146   
Nosedigs received 
Trial type    1, 11  0.45  0.517 
Light quality    2, 22  2.80  0.083 
Trial type x light quality  2, 22  0.09  0.913 
Female pursuit   1, 54  44.03  <0.0001  
Spawning success 
Trial type    1, 11  0.75  0.404 
Light quality    2, 22  0.66  0.528 
Trial type x light quality  2, 22  0.20  0.817 
Nosedigs received   1, 54  86.86  <0.0001 
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Table 3.2. Comparison of focal male E. spectabile versus rival male E. spectabile behavior. 
Effect     d.f.  F  P   
Female pursuit 
Male identity    1, 11  9.36  0.012 
Light quality    2, 22  1.50  0.244 
Male identity x light quality  2, 22  2.80  0.083   
Fin flares 
Male identity    1, 11  9.15  0.012 
Light quality    2, 22  1.54  0.236 
Male identity x light quality  2, 22  0.21  0.814   
Attacks 
Male identity    1, 11  15.13  0.003 
Light quality    2, 22  2.89  0.077 
Male identity x light quality  2, 22  2.79  0.083   
Nosedigs 
Male identity    1, 11  1.16  0.305 
Light quality    2, 22  3.94  0.035 
Male identity x light quality  2, 22  0.39  0.681 
Female pursuit   1, 54  67.24  <0.0001  
Spawning success 
Male identity    1, 11  0.65  0.436 
Light quality    2, 22  0.85  0.442 
Male identity x light quality  2, 22  0.35  0.710 
Nosedigs received   1, 54  91.18  <0.0001 
  
64 
 
Table 3.3. Comparison of male E. spectabile and male E. caeruleum behavior. 
Effect     d.f.  F  P   
Female pursuit 
Male species    1, 11  37.44  <0.0001 
Light quality    2, 22  3.25  0.058 
Male species x light quality  2, 22  1.41  0.265   
Fin flares 
Male species    1, 11  7.06  0.022 
Light quality    2, 22  3.32  0.055 
Male species x light quality  2, 22  0.58  0.566   
Attacks 
Male species    1, 11  4.82  0.051 
Light quality    2, 22  1.21  0.318 
Male species x light quality  2, 22  0.75  0.485   
Nosedigs received 
Male species    1, 11  0.19  0.673 
Light quality    2, 22  0.89  0.424 
Male species x light quality  2, 22  0.87  0.432 
Female pursuit   1, 54  36.85  <0.0001  
Spawning success 
Male species    1, 11  0.45  0.518 
Light quality    2, 22  1.11  0.349 
Male species x light quality  2, 22  0.37  0.698 
Nosedigs received   1, 54  122.28  <0.0001 
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Figure 3.1. Irradiance profiles for (A) all three light quality treatments and (B) gray lighting 
only. 
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Figure 3.2. (A) Mean maximum absorbance (±S.E.) of MWS cones (grey circles, top), LWS 
cones (black circles, middle), and rods (open circles, bottom) for each individual. The number of 
cells sampled is given in parentheses. (B) Relative absorbance spectra from an example medium-
wavelength sensitive (MWS) cone (grey line) and a long-wavelength sensitive (LWS) cone 
(black line). 
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Figure 3.3. (A-E) Reproductive behaviors in the context of focal male E. spectabile (black bars), 
subdominant male E. spectabile (gray bars) and male E. caeruleum (white bars) under the three 
light quality treatments (cont’d on next page). 
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Figure 3.3. (cont’d) 
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CHAPTER 4 
 
INTRASEXUAL COMPETITION UNDERLIES SEXUAL SELECTION ON MALE 
BREEDING COLORATION IN THE ORANGETHROAT DARTER 
 
ABSTRACT 
 
Elaborate, sexually dimorphic traits are widely thought to evolve under sexual selection 
through female preference, male-male competition, or both. The orangethroat darter (E. 
spectabile) is a sexually dichromatic fish in which females exhibit no preferences for male size 
or coloration. We tested whether these traits affect individual reproductive success in E. 
spectabile when multiple males are allowed to freely compete for a female. Relatively larger 
males were more successful in keeping rival males away from the female and in spawning as the 
primary male (first male to participate). Additionally, the quality and quantity of male coloration 
correlated with competitive and reproductive success. On the other hand, relatively smaller males 
tended to spawn more as sneakers than as primary males, and sneaking behavior was 
uncorrelated with coloration. Sexual selection via male competition seems to be an important 
contributor to the evolution of breeding coloration in darters. 
 
INTRODUCTION 
 
 Sexual selection theory, as originated by Darwin (1871), proposes that conspicuous male 
traits can evolve if they improve mating success through attractiveness to females, usefulness in 
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competition with other males, or both. The notion that intrasexual contests can select for large 
body size or weaponry is fairly uncontroversial. On the other hand, male ornaments such as 
bright colors have traditionally been categorized as targets of female choice, and the effect of 
male-male competition on their evolution is less understood (Andersson, 1994). Such ornaments, 
though, also function in male-male competition across a wide range of taxa, as attested by 
numerous studies (e.g. Ligon et al., 1990; Mateos and Carranza, 1997; Benson and Basolo, 2006; 
Bajer et al., 2011; Crothers et al., 2011; Baird et al., 2013). 
 Conspicuous male traits may be favored through intrasexual selection if they enable 
males to remotely evaluate rivals and avoid the cost of fighting unnecessary battles with 
mismatched opponents (Maynard Smith and Parker, 1976; Rohwer, 1982; Maynard Smith and 
Brown, 1986). In this capacity, male ornaments should communicate relevant attributes such as 
size, condition, or fighting ability (Parker, 1974; Zahavi, 1977, 1981). A well-studied example is 
melanin- or carotenoid-based badges of status, which are kept “honest” by physiological 
limitations and/or social mechanisms (Johnstone and Norris, 1993; Jawor and Breitwisch 2003; 
Whiting et al., 2003). In rare cases, male-male competition has been found to drive color 
evolution independent of female choice (Grether, 1996). These data suggest that male-male 
competition can produce the same types of ornaments as female choice‒‒the latter should not 
simply be presumed as the underlying cause of male ornamentation. 
 Sexual dichromatism is prevalent in the darters (Percidae: Etheostomatinae), a species-
rich clade of North American freshwater fishes. The spectacular and diverse male coloration 
found in many darter species has long been considered to result from sexual selection (Reeves, 
1907; Mendelson, 2003), and has sparked interest in the role that male coloration may have 
played in facilitating darter speciation (Martin and Mendelson, 2013; Williams et al., 2013). 
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Surprisingly, little empirical data exists on the mechanism by which sexual selection operates on 
male coloration in darters, or on whether coloration affects male reproductive success at all. In 
fact, Pyron (1995) and Fuller (2003) did not find the colorfulness of male darters to be predictive 
of male reproductive success. 
 Here, we investigate whether male coloration in the orangethroat darter (Etheostoma 
spectabile) is under sexual selection via male-male competition. During the breeding season, 
male E. spectabile closely follow females while attempting to drive away rival males. When the 
female is ready to spawn, she buries herself shallowly in gravel and waits for a male to arrive. 
Females may spawn multiple times in short succession, and neither sex exhibits parental care 
(Winn, 1958; Pyron, 1995; Zhou et al., unpublished). Competition between males for females 
can be intense, and spawning between a single female and multiple males is common (Pyron, 
1995). Male E. spectabile in breeding condition express vivid bluish and reddish colors (Page, 
1983). However, female E. spectabile show no preference for larger or more colorful males in 
dichotomous trials (Pyron, 1995). Thus, male coloration may instead play a signaling role in 
male-male competition. We allowed multiple male E. spectabile to freely compete for females; 
we quantified the size, coloration, and performance of each male and tested for correlations 
between male phenotype and competitive and reproductive success. 
 
MATERIALS AND METHODS 
 
 Adult E. spectabile were collected from Cottonwood Creek (Cumberland Co., Illinois) 
via kick-seine in April and May 2011, during the breeding season. Males were housed in groups 
of four in 76 L aquariums (bottom dimensions 76 cm x 30 cm) where behavioral observations 
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took place; the aquariums contained gravel substrate and a sponge filter, which was removed for 
experimental observations. The males varied in standard length (mean 44.1±0.46 mm S.E.; range 
37–55 mm) and coloration. Females were separately housed in group tanks. The fish were 
maintained at a temperature of 20° C and a 14:10 light:dark cycle, and were fed frozen 
bloodworms (chironomid larvae) daily. 
 For individual identification, each male within a tank was marked with subcutaneously 
injected yellow Visible Implant Elastomer (VIE, Northwest Marine Technology) in one of four 
locations (left side of first dorsal fin, right side of first dorsal fin, left side of second dorsal fin, 
right side of second dorsal fin). The males were allowed to recover from VIE injection overnight 
before behavioral trials began. 
 
Experimental observations. — Behavioral trials began with the introduction of a female to an 
established set of four males, who were allowed to freely compete for spawning opportunities. 
Following a 5-minute acclimation period, fish behaviors were observed for 1 hour. If the female 
failed to spawn within 10 minutes, then the trial was discarded and the set of males was tested 
with another female on a subsequent day. Fish were excluded from further testing once spawning 
occurred; thus, each of the 16 completed trials involved a different set of males and female (total 
n=64 males, 16 females). 
 Three behaviors were recorded for each male: (1) the number of nosedigs attended by the 
male, defined by his being within one body length of the performing female, (2) the number of 
spawning events in which the male was the first to participate, hereafter termed the “primary” 
male, and (3) the number of spawning events in which the male participated as a sneaker, i.e. 
subsequent to the primary male. 
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Quantification of male coloration. — After experimental trials, we measured male coloration 
following the methods described in Zhou et al. (2014). Briefly: fish were anesthetized in 0.03% 
tricaine methanesulfonate (MS-222), which maximizes color expression in darters (Gumm and 
Mendelson, 2011). The males were then photographed under standard fluorescent lighting 
against a white background with a Nikon Coolpix 8700 digital camera. A ColorChecker chart 
was included in the photograph to allow correction for variation in ambient lighting, using the 
inCamera plug-in (version 4.0.1, PictoColor Software) for Photoshop CS4. 
 Ten male color traits distributed across the body and fins were measured (Fig. 4.1). Five 
traits were categorized as “blue”: cheek (CK), first dorsal fin blue (D1B), second dorsal fin blue 
(D1B), anal fin blue (AB), and lateral bar (LB), and five as “red”: branchiostegal rays (BR), first 
dorsal fin red (D1R), second dorsal fin red (D2R), caudal peduncle spot (CPS), and abdomen 
(BD). RGB values were measured from each trait using the Photoshop eyedropper tool set to 
average from a 3 x 3 pixel square. The RGB color space describes colors as an additive mixture 
of red, green, and blue (range 0–255). We then converted the RGB values to a luminance 
channel R+G+B and two color channels (R–G)/(R+G) and (G–B)/(G+B), hereafter referred to as 
the red-green difference (R-G) and the green-blue difference (G-B) channels. A positive R-G 
value indicates a stronger red component in the color, whereas a negative R-G value indicates a 
stronger green component; correspondingly, a positive G-B value indicates a stronger green 
component in the color, whereas a negative G-B value indicates a stronger blue component. 
 We also quantified the proportional area of blue and red coloration on four regions of the 
fish: first dorsal fin (D1B area and D2B area), second dorsal fin (D2B and D2R), anal fin (AB 
area), and caudal region (CB area and CR area). Caudal region was delimited by a straight line 
drawn between the origins of the second dorsal and anal fins, and included the entire caudal fin 
78 
 
(Fig. 4.1). The photographs were processed to isolate areas of blue and red using the Threshold 
Colour plug-in (version 1.10, G. Landini) in ImageJ (version 1.43u, Wayne Rasband). Processing 
took place in the CIE Lab color space, which describes colors in terms of L* (lightness), a* 
(red/green) and b* (blue/yellow). Blue areas were isolated by setting L* to exclude colors above 
200/255 and b* to exclude colors above 130/255. Red areas were isolated by setting L* to 
exclude colors above 200/255, and a* to exclude colors below 125/255. The total area of each 
fish region was obtained via tracing with the ImageJ polygonal selection tool. 
 
Data analysis. — All statistical analyses were performed in SAS (version 9.3, SAS Institute). 
Our goal was to determine which male traits (size, luminance, color, blue/red area) were most 
tightly correlated with male mating success. To do this, we first used Principal Component 
Analyses (PCA) to synthesize variation in luminance, color, and blue/red area across all traits 
(results of each PCA are given in Fig. 4.2; see Zhou et al. 2014 for a similar approach). Principal 
components that accounted for >10% of the total variation were included in subsequent analyses. 
We then size-corrected the raw PC scores by regressing each principal component against 
standard length (REG procedure) and taking the residuals, which were used for further analyses. 
 Correlates of male competitive ability and reproductive success were examined using 
logistic regression (GLIMMIX procedure). We analyzed the proportion of nosedigs attended, the 
proportion of spawning events attended as a guarder, and the proportion of spawning events 
attended as a sneaker by each male out of the total for his trial. For each of these response 
variables, the explanatory variables tested were standard length and size-corrected PC scores for 
luminance PC1, color PC1–PC3, and blue/red area PC1–PC3; these variables were all adjusted to 
be relative to their trial means. Experimental trial (n=16) was set as a random effect, and we 
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included residuals as a random effect to scale for over- or underdispersion. We additionally 
repeated these analyses using linear mixed models (MIXED procedure) with the same response 
and predictor variables, which returned qualitatively similar results (not shown). 
 
RESULTS 
 
 Average male size varied among trials (range 39.5–49.9 mm), but this did not alter the 
pattern of male behavior (summarized in Table 4.1). Invariably, at least one male attempted to 
guard the female; male-male competition was intense, resulting in sneaker males participating in 
more than half of all spawning events. Males confronted one another by flaring their fins, 
chasing, and biting. Nosedig attendance was strongly correlated with spawning as the primary 
male (β=0.91, F1,47=333.42, p<0.0001). The relationship between nosedig attendance and 
spawning as a sneaker followed a negative trend, suggesting that sneakers are males that are less 
successful at guarding (β=-0.27, F1,44=3.74, p=0.06). 
 
Effect of body size. — Standard length had a profound effect on male competition and 
reproductive success in E. spectabile. Males that were relatively larger within their tank attended 
a greater proportion of nosedigs, and consequently spawned more as the primary male (Table 
4.2, Fig. 4.3A, B). Relatively smaller males tended to spawn more as sneakers, though the effect 
was not significant (Table 4.2, Fig. 4.3C). 
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Effect of male coloration. — Aspects of male color and blue/red area, but not luminance, were 
related to competition and spawning success independent of body size. Conversely, sneaking 
behavior was not related to luminance, color, or blue/red area (Table 4.2). 
 Males with relatively lower scores on the third principal component of color attended 
more nosedigs and spawned more as the primary male (Table 4.2, Fig. 4.4A, B). PC3 accounted 
for 12% of total color variation and loaded more consistently onto the red traits than the blue 
traits (Fig. 4.2D). The trait loadings suggest that reproductively successful males have, for their 
size, redder dorsal fins, caudal peduncle spot, and abdomen (higher R-G and lower G-B values), 
and less orange branchiostegal rays (lower R-G and G-B values). As for the blue traits, the 
loadings suggest that successful males tended to have, for their size, bluer first dorsal fins and 
lateral bars (lower R-G and G-B values), less blue second dorsal and anal fins (higher R-G and 
G-B values), and less green cheeks (higher R-G and lower G-B values). 
 The first and third principal components of blue/red area were positively and negatively 
correlated, respectively, with spawning as the primary male (Table 4.2). PC1 accounted for 44% 
of total variation in blue/red area and loaded positively onto all traits (Fig. 4.2E). Thus, males 
with proportionally greater amounts of blue and red coloration for their size spawned more as the 
primary male (Fig. 4.4C). PC3 accounted for 11% of total variation in blue/red area and loaded 
most positively onto caudal region blue area and most negatively onto anal fin blue area (Fig. 
4.2G). Therefore, more reproductively successful males tended to have greater amounts of blue 
on the anal fin and smaller amounts of blue on the body for their size (Fig. 4.4D). 
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DISCUSSION 
 
 Sexual selection in E. spectabile is mediated by male-male competition, with both body 
size and male coloration influencing competitive ability. We observed that male E. spectabile 
competed vigorously both to gain access to the female and to deny access to other males. Female 
E. spectabile do not exhibit preferences for large versus small males or bright versus dull males, 
either in association time or in latency to spawning (Pyron, 1995). In the lieu of overt mate 
choice, female E. spectabile appear to perform nosedigs in proportion to the amount of male 
pursuit (Zhou et al., unpublished). Nosedig attendance thus represents a proxy metric for male 
competitive ability in our study, as males that are able to out-compete other males and spend 
more time near the female should also receive a commensurately greater number of nosedigs. 
 Male competitive ability, as gauged by nosedig attendance, was closely related to the 
ability of the male to arrive first at, and thereby initiate, spawning events (i.e. spawn as the 
primary male). However, we also commonly observed sneaking behavior, which reflects what 
often occurs in nature due to high population density (Pyron, 1995). In egg-burying darters such 
as E. spectabile and the closely related E. caeruleum, only a small number of eggs are released 
per spawning event (Winn 1958a; Fuller 1991; pers. obs.); thus, the participation of one or more 
sneaker males may result in substantial losses of paternity to the primary male. If so, this could 
drive strong selection for traits and behaviors that enable males to monopolize access to females, 
i.e. keeping all rivals far enough away that they cannot arrive at spawning event before it 
concludes. 
 Larger male E. spectabile were better able to guard the females and as a result spawned 
more as the primary male. The advantage of larger body size in intraspecific contests has been 
82 
 
widely documented among animal taxa, including in a variety of teleost species (e.g. Rowland, 
1989; Quinn and Foote, 1994; Moretz, 2003; Thünken et al., 2011). Female-guarding behavior 
was observed in all trials irrespective of the mean male size within the tank; therefore, sneaking 
does not appear to be a phenotypically distinct strategy in E. spectabile as in some other teleost 
species (Oliveira et al., 2005), but rather a plastic behavioral response to competitive inferiority. 
Given that sneaking is an opportunistic act in this species, our finding that it does not correlate 
with any metric of male coloration is not surprising. Furthermore, the occurrence of sneaking 
behavior appears to reduce overall variation in male reproductive success and thus may lessen 
the effect of sexual selection on male coloration (Jones et al., 2001). 
 To our knowledge, our data represent the first quantitative evidence that male coloration 
is related to spawning success in darters. Both the quantity (blue/red area PC scores) and quality 
(color PC scores) of male coloration appear to predict spawning success independent of size. 
Males that expressed a relatively greater amount of blue and red coloration for their size, 
especially on the anal fin, were more successful competitively and reproductively. The 
relationship between color quality and male reproductive success was more complex: the red 
components of male coloration varied in a mostly consistent manner, in that males with redder 
fins and bodies attended more nosedigs and spawned more as the primary male. On the other 
hand, more successful males were bluer on the first dorsal fin and body, and less blue on the 
second dorsal and anal fins. Curiously, Zhou et al. (2014) found in E. spectabile and E. 
caeruleum that variation in red traits was more diverse than blue traits at the across-species and 
across-population levels. A potential explanation for this pattern is that there are local selective 
forces, e.g. variation in lighting environment, which act consistently on red color within 
populations but lead to divergence between populations. Another, non-exclusive, possibility is 
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that non-selective forces such as genetic drift have led to greater trait divergence across 
populations than within populations. Since E. spectabile exclusively inhabits small and shallow 
streams, populations in different streams may be substantially isolated from one another by 
larger river channels (Winn, 1958). 
 Red color traits may be particular targets of intrasexual selection, as the ability to 
perceive yellow to red colors seems to be necessary for conspecific male aggression in E. 
spectabile (Zhou et al., unpublished). Reddish coloration in darters results from carotenoid 
pigments (Porter et al., 2002; Zhou et al., 2014); a large body of research supports the hypothesis 
that carotenoid pigments represent “honest” signals of male quality, since they must be acquired 
from dietary sources (Grether et al., 2001; Hill et al., 2002; Navara  and Hill, 2003; Griggio et 
al., 2007). For example, the size and intensity of carotenoid-based epaulette ornaments in male 
red-shouldered widowbirds (Euplectes ardens) predicts fighting ability (Pryke et al., 2001; Pryke 
and Andersson, 2003). In the closely related E. caeruleum, the spectral characteristics of 
carotenoid-based reddish coloration are correlated with parasite load (Ciccotto et al., 2014). It is 
therefore plausible that red coloration in male E. spectabile may signal some aspect of condition 
to rival males. 
 In the context of male-male contests, the consistent pattern of variation observed by 
different patches of red coloration across the body and dorsal fins of male E. spectabile may also 
represent a case of redundant signaling, i.e. multiple signals that together allow males to more 
thoroughly assess the condition of rival males. Redundant signals are predicted to be more 
prevalent in aggregating species due to a lowered cost of making assessments (Møller and 
Pomiankowski, 1993; Hebets and Papaj, 2005). During the spawning season, E. spectabile of 
84 
 
both sexes congregate in areas with appropriate substrate, and the high number of encounters 
between males may favor redundant signaling so as to avoid the costs of unneeded aggression. 
 Competition amongst males for access to females appears to have played a central role in 
the evolution of sexually dimorphic coloration in E. spectabile, and likely also in other darter 
species such as E. caeruleum that share the same mating system (Winn 1958b; Zhou et al., 
unpublished). Males that are relatively more colorful for their size enjoy greater success in 
intrasexual competition and are able to initiate more spawning events with females. The colors of 
male E. spectabile, and perhaps the red components in particular, may allow them to quickly 
assess potential rivals at a distance and regulate their aggression appropriately. Questions remain 
with regard to if and how darter male coloration is condition-dependent, as well as to how these 
colors are perceived by the fish themselves. 
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TABLES AND FIGURES 
 
Table 4.1. Summary of male size (mean ± S.E.) and reproductive behaviors from each trial. The 
four squares indicate the spawning behavior of the four individual males within each trial: 
spawned solely as primary (black), spawned both as primary and as sneaker (black/gray), 
spawned solely as sneaker (gray), did not spawn (white). 
 Standard    # spawning # spawning events  Individual male  
Trial length (mm) # nosedigs events  with sneaker males spawning behavior  
1 42.8±0.8 34  3  3       
2 48.4±2.8 53  6  3       
3 42.8±1.0 24  14  8       
4 45.6±2.0 25  13  13       
5 46.6±1.4 10  10  6       
6 48.0±1.1 32  4  2       
7 43.4±0.9 25  13  9       
8 41.0±0.8 42  13  10       
9 44.6±0.4 33  6  4       
10 49.9±0.9 22  8  6       
11 44.8±1.0 46  17  8       
12 42.0±0.7 58  7  4       
13 42.8±1.2 39  5  1       
14 43.6±2.3 23  2  0       
15 40.0±0.7 30  4  1       
16 39.5±0.6 56  4  1        
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Table 4.2. Analyses of variance for male size and coloration. 
Effect    DF  F  P   
Nosedig attendance  
Standard length  1,40  13.43  0.0007 
Luminance PC1  1,40  0.46  0.50 
Color PC1   1,40  1.11  0.30 
Color PC2   1,40  0.43  0.52 
Color PC3   1,40  5.02  0.03 
Blue/red area PC1  1,40  2.05  0.16 
Blue/red area PC2  1,40  0  0.94 
Blue/red area PC3  1,40  2.24  0.14  
 
Spawning as primary 
Standard length  1,40  11.1  0.002 
Luminance PC1  1,40  2.00  0.16 
Color PC1   1,40  0.55  0.46 
Color PC2   1,40  0.02  0.88 
Color PC3   1,40  8.09  0.007 
Blue/red area PC1  1,40  4.76  0.04 
Blue/red area PC2  1,40  0.35  0.56 
Blue/red area PC3  1,40  4.29  0.04 
 
Spawning as sneaker 
Standard length  1,37  3.79  0.06 
Luminance PC1  1,37  0.16  0.70 
Color PC1   1,37  0.43  0.51 
Color PC2   1,37  0.03  0.86 
Color PC3   1,37  0.03  0.86 
Blue/red area PC1  1,37  0.02  0.90 
Blue/red area PC2  1,37  1.83  0.18 
Blue/red area PC3  1,37  0.03  0.85  
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Figure 4.1. Example male E. spectabile showing color traits measured (uppercase labels, 
abbreviations given in text) and fish regions used for blue/red area measurement (a—first dorsal 
fin, b—second dorsal fin, c—anal fin, and d—caudal region).  
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Figure 4.2. Eigenvector loadings, ordered by size, on variables included in principal component 
analyses, showing (A) luminance PC1, (B) color PC1, (C) color PC2, (D) color PC3, (E) blue/red 
area PC1, (F) blue/red area PC2, and (G) blue/red area PC3. Trait abbreviations are as given in 
text. Numbers in parentheses indicate the proportion of total variation accounted for by the 
principal component (cont’d on next page). 
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Figure 4.2. (cont’d) 
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Figure 4.3. Relationships between male body size and (A) nosedigs received, (B) spawning as 
primary male, and (C) spawning as sneaker male. Standard lengths have been adjusted relative to 
the trial mean. 
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Figure 4.4. Relationships between (A) nosedig attendance and color PC3, (B) spawning as 
primary male and color PC3, (C) spawning as primary male and blue/red area PC1, and (D) 
spawning as primary male and blue/red area PC3. PC scores are size-corrected and have been 
adjusted relative to the trial mean. 
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CHAPTER 5 
 
REPRODUCTIVE ISOLATION BETWEEN TWO DARTER SPECIES IS ENHANCED AND 
ASYMMETRIC IN SYMPATRY2 
 
ABSTRACT 
 
 Robust reproductive isolation was found between the rainbow darter Etheostoma 
caeruleum and the orangethroat darter E. spectabile, as more offspring were produced when 
conspecific male and females were crossed as compared with heterospecific crosses. 
Furthermore, fewer eggs resulted from heterospecific crosses involving sympatric E. spectabile 
females than those using allopatric E. spectabile females, while a similar pattern was not 
observed in heterospecific crosses using E. caeruleum females. These results suggest that 
reinforcement, i.e. selection for prezygotic reproductive barriers driven by reduced hybrid 
fitness, may have contributed to the evolution and maintenance of reproductive barriers between 
these potentially hybridizing species in sympatry. 
 
  
                                                 
2 Chapter 5 was published by Journal of Fish Biology in 2014: 
 
Zhou, M., and R. C. Fuller. 2014. Reproductive isolation between two darter species is enhanced 
and asymmetric in sympatry. Journal of Fish Biology 84(5): 1389–1400. 
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INTRODUCTION 
 
 Increased avoidance of heterospecific mating in sympatry, i.e. heightened premating 
isolation, has been documented across a variety of animal and plant taxa, suggesting it may be 
relatively widespread (e.g. Butlin, 1987; 1989; Coyne & Orr, 1989; Howard, 1993). This pattern 
has generally been attributed to reinforcement, wherein prezygotic reproductive barriers are 
strengthened by natural selection against heterospecific mating, due to the cost of producing unfit 
hybrid offspring. Reinforcement is of much interest in evolutionary biology because it provides a 
mechanism by which natural selection can directly drive speciation (Dobzhansky, 1940; Blair, 
1955; Servedio & Noor, 2003). Though the role of reinforcement in speciation has been 
historically controversial, it is supported by a growing body of theoretical and empirical research 
(e.g. Noor, 1995; Rundle & Schluter, 1998; Nosil et al., 2003; Jaenike et al., 2006; Nosil & 
Yukilevich, 2008; Lemmon & Lemmon, 2010; Matute, 2010). With regard to reinforcement as a 
process of speciation, the populations of related species in sympatry must be capable of 
producing fertile hybrids (Butlin 1987; 1989). If there is no possibility of gene flow between 
them, speciation would already be complete and reinforcement cannot occur. 
 Among vertebrates, teleost fishes potentially represent fruitful subjects for the study of 
reinforcement because particularly high frequencies of natural hybridization have been reported 
in many clades (Hubbs, 1959; Schwartz, 1972; Scribner et al., 2001). For example, 
reinforcement may have contributed to the divergence of benthic and limnetic three-spine 
sticklebacks Gasterosteus aculeatus Linnaeus 1758: mating preferences for conspecifics are 
more pronounced in sympatric populations of benthics and limnetics than in allopatric 
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populations (Rundle & Schluter, 1998), and benthic‒limnetic F1 hybrid males are fertile but less 
able to compete for females than the parental species (Vamosi & Schluter, 1999). 
 Darters (Percidae: Etheostomatinae) are among the most diverse groups of freshwater 
fishes in North America, containing over 200 species as well as numerous subspecies and 
geographic races (Page, 1983). In Mendelson (2003), multiple reproductive isolating barriers and 
genetic distance were measured between 13 pairs of darter species, and behavioural isolation was 
found to have evolved faster and occasionally to completion. In contrast, postzygotic isolating 
barriers were found to have evolved more slowly and remained incomplete (i.e. F1 hybrids have 
nonzero fitness). Additionally in Mendelson et al. (2007), behavioural isolation between the 
Christmas darter Etheostoma hopkinsi (Fowler 1945) and the redband darter E. luteovinctum 
Gilbert & Swain 1887 was found to be stronger than prezygotic postmating barriers such as 
gametic incompatibility (i.e. egg-sperm incompatibility). These data suggest that the evolution of 
premating or behavioural isolation has played an important role in darter speciation. However, 
reinforcement as a possible factor in darter speciation has received little attention. Darter 
speciation is thought to have been mainly allopatric, based on the generally non-overlapping 
distribution pattern of sister species pairs (Wiley & Mayden, 1985; Near et al., 2000; Page et al., 
2003; Near et al., 2004). Nevertheless, many darter species occur in sympatry and natural 
hybridization has been widely documented (Keck & Near, 2009). Given that reproductive 
isolation between darter species is often incomplete, where species occur in sympatry, there is 
the potential for heterospecific mating and the strengthening of behavioural isolation by 
reinforcement. 
The rainbow darter Etheostoma caeruleum Storer 1845 and the orangethroat darter E. 
spectabile (Agassiz 1854) are common species with wide, partially overlapping distributions in 
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the eastern United States. They are similar in morphology, behaviour, and ecology, and often co-
occur in sympatric streams (Winn, 1958; Page, 1983). The two species have the same mating 
system: during the breeding season, gravid females are followed by males, who attempt to guard 
them against conspecific rivals. The female buries herself shallowly in the substrate when she is 
ready to spawn; eggs and sperm are released upon the attendance of a male. Neither territoriality 
nor parental care is exhibited by these species (Winn, 1958). Bright bluish and reddish breeding 
coloration is expressed by male E. caeruleum and E. spectabile, differing primarily in the 
presence/absence respectively of red on the anal fin (Page, 1983); there is little evidence that 
male breeding coloration is attractive to females in either species (Pyron, 1995; Fuller, 2003). 
Instead, breeding coloration may be involved in male-male competition and/or species 
discrimination. 
E. caeruleum and E. spectabile are members of separate clades within the subgenus 
Oligocephalus (Lang & Mayden, 2007). Based on museum and literature records, E. caeruleum 
and E. spectabile are the darter species most likely to hybridize with other darters, and E. 
caeruleum‒E. spectabile hybrids are the most common type of natural darter hybrid (Keck & 
Near, 2009). Furthermore, the entire mitochondrial genome of the current darter E. uniporum 
Distler 1968, a member of the E. spectabile clade, has been replaced by that of E. caeruleum 
(Ray et al., 2008; Bossu & Near, 2009). Thus, there is gene flow between the E. caeruleum and 
E. spectabile lineages, and consequently the potential for reinforcement to have affected the 
evolution of behavioural isolation between these species. In this study, a series of spawning trials 
were conducted with E. caeruleum and E. spectabile, so as to (1) determine the extent of 
reproductive isolation between these species, and (2) look for evidence of reinforcement by 
comparing the strength of isolation between sympatric and allopatric populations. 
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MATERIALS AND METHODS 
 
 Fish were caught by kick-seine (net dimensions 106 cm x 122 cm, mesh size 3 mm) in 
April and May 2011, during the breeding season of E. caeruleum and E. spectabile. The 
sympatric site for E. caeruleum and E. spectabile was a small tributary of the Salt Fork River 
(Champaign Co., IL, coordinates 40.06, -88.089). The allopatric sites for E. caeruleum and E. 
spectabile were Prairieville Creek (Barry Co., MI, coordinates 42.426, -85.428) and Kaskaskia 
Creek (Champaign Co., IL, coordinates 40.141, -88.344) respectively. Although the sympatric 
and allopatric E. spectabile sites are geographically close to one another, they occur in distinct 
river drainages: the sympatric site is in the Vermillion-Wabash-Ohio River drainage, and the 
allopatric site is in the Kaskaskia-Mississippi River drainage. All three sites are narrow (width 
<3 m), shallow (depth <1 m) streams with riffles over mixed sand and gravel substrate (typical 
grain diameter ranging from <1 mm to 3 cm). 
 The spawning trials were conducted in a “no-choice” format, in which a single male was 
paired with a single female. This protocol is often employed in studies of prezygotic isolation 
(e.g. Noor, 1995; Hatfield & Schluter, 1996; Rundle & Schluter, 1998). A spawning trial 
consisted of a male and a female being placed in a 38 litre aquarium with a gravel substrate for 
seven days, during which they were allowed to interact freely. No fish was used for more than 
one trial. Two sets of trials were performed, one using fish from the sympatric population and the 
other using fish from the allopatric populations. For each set, there were two conspecific and two 
heterospecific crosses (♀E. caeruleum x ♂caeruleum, ♀E. spectabile x ♂E. spectabile, ♀E. 
caeruleum x ♂E. spectabile, ♀E. spectabile x ♂E. caeruleum), with each cross replicated 4–5 
times. The experiment thus involved a total of 36 spawning trials divided between eight 
treatments. The aquaria were kept at 19°C, under a 14:10 light:dark cycle. The fish were fed 
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daily with frozen bloodworms (chironomid larvae); feeding took place after egg collection and 
followed the same procedure across all crosses. 
The tanks were checked for eggs daily during the spawning trials, and eggs were 
collected with a siphon. Dead eggs were distinguished from live eggs by their opacity and 
buoyancy. Live eggs were kept in water-filled plastic tubs, which were treated with methylene 
blue and placed in an incubator set to 11°C and a 14:10 light:dark cycle. The methylene blue and 
lower temperature served to inhibit fungal growth. Emerged fry were fed live brine shrimp larvae 
three times per week. For each spawning trial, the total number of eggs, the number of live eggs, 
and the number of fry that survived until feeding were recorded.  
 
Data analysis. –– As E. caeruleum and E. spectabile females differed in fecundity, statistical 
analyses were performed separately for the females of each species (n=17 trials using female E. 
caeruleum, n=19 trials using female E. spectabile). Indices of reproductive isolation (RI) were 
calculated as 1 ‒ [fry number from heterospecific crosses / total fry number] (adapted from 
Ramsey et al., 2003). An index of 0 would indicate no difference in progeny number between 
conspecific and heterospecific crosses (no reproductive isolation), while an index of 1 would 
indicate that progeny resulted from conspecific crosses only (complete reproductive isolation).  
Statistical analyses were performed in SAS (version 9.3, SAS Institute, Cary, NC). The 
total numbers of eggs collected per spawning trial were compared among crosses using a 
generalized linear model (GLIMMIX procedure in SAS); as the egg count data were left-skewed 
due to trials that yielded few or no eggs, the data was fitted to a negative binomial distribution 
with a log link function instead of a Poisson distribution. The predictor variables were male 
identity (conspecific or heterospecific), range (sympatric or allopatric), and their interaction; 
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when a male identity x range interaction effect was found, post-hoc comparisons were made 
between the four cross types using differences of least square means. 
To further elucidate the nature of potential reproductive isolation, the proportions of live 
eggs/total eggs and fry/live eggs were also analysed using ANOVA (GLM procedure in SAS), 
again for the effects of male identity, range, and their interaction. The proportion of eggs 
released by the female that were successfully fertilized by the male is reflected by live eggs/total 
eggs, while the proportion of fertilized eggs that successfully developed to hatching is reflected 
by fry/live eggs. The number of observations in the analyses was largest for total eggs (n=17 for 
female E. caeruleum, n=19 for female E. spectabile). Because some females did not spawn any 
eggs, the number of observations was smaller for the proportion of live eggs/total eggs (n=9 for 
female E. caeruleum, n=17 for female E. spectabile). Similarly, because some replicates yielded 
no live eggs, the sample size for the proportion of fry/live eggs was reduced (n=7 for female E. 
caeruleum, n=16 for female E. spectabile). 
 
RESULTS 
 
 Reproductive isolation was observed and was particularly strong between E. caeruleum 
and E. spectabile. For sympatric populations, RI was 0.98 for crosses involving E. caeruleum 
females and 1 for crosses involving E. spectabile females, indicating that heterospecific crosses 
yielded almost no viable offspring. RI was lower for allopatric populations: 0.09 for crosses 
involving E. caeruleum females and 0.42 for crosses involving E. spectabile females. However, 
the low observed RI for allopatric E. caeruleum females was due to low hatching success in the 
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corresponding conspecific crosses, and thus may be an artefact of the condition of the females 
sampled for this study. 
 Both E. caeruleum and E. spectabile preferred to spawn with conspecific fish, with 
consistently more eggs being produced by females paired with a conspecific male (Table 5.1, 
Fig. 5.1). On average, 9.7 times more eggs were spawned by E. caeruleum females paired with 
conspecific than heterospecific males. Similarly, on average 1.6 times more eggs were spawned 
by E. spectabile females paired with conspecific than heterospecific males. 
 Reinforcement—heightened reproductive isolation in sympatry—was also supported, but 
only in E. spectabile. When paired with a heterospecific male, more eggs were laid by E. 
spectabile females from an allopatric population than from a sympatric population, but the same 
pattern was not present in E. caeruleum (Fig. 5.1). This is borne out by the interaction effect 
between male (conspecific vs. heterospecific) and range (sympatric vs. allopatric), which was 
significant for E. spectabile females, but not for E. caeruleum females (Table 5.1). 
 From the analyses of fertilization success (live eggs/total eggs), no difference was 
indicated between cross (conspecific vs. heterospecific) or range (allopatric vs. sympatric) or 
their interaction for female E. caeruleum (Table 5.1). The average proportion of live eggs out of 
total eggs was 0.97 ± 0.01 (S.E.; sympatric) and 1.00 ± 0.00 (allopatric) for conspecific crosses, 
and 0.22 ± 0.22 (sympatric) and 1.0 (allopatric) for heterospecific crosses. In female E. 
spectabile, there was no range or interaction effect but fertilization success was higher in 
conspecific than in heterospecific crosses (Table 5.1). The average proportion of live eggs was 
0.98 ± 0.01 (sympatric) and 1.00 ± 0.00 (allopatric) for conspecific crosses, and 0.90 ± 0.10 
(sympatric) and 0.51 ± 0.17 (allopatric) for heterospecific crosses. Although the eggs spawned 
by E. spectabile females in heterospecific crosses showed decreased fertilization success, it is 
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difficult to attribute this result to any particular reproductive isolating mechanism. This pattern 
may be explained by males failing to fertilize eggs released by heterospecific females, reduced 
egg viability due to egg retention by the females in the absence of a conspecific male (see 
discussion), and/or intrinsic isolating mechanisms (e.g. gametic incompatibility). 
 A similar pattern as fertilization success was observed in survival from the fertilized egg 
to the fry feeding stage. Hatching success in eggs from female E. caeruleum were not different 
across treatments (Table 5.1); the average proportion of fry that hatched and survived to feeding 
was 0.72 ± 0.15 (sympatric) and 0.20 ± 0.20 (allopatric) for conspecific crosses, and 0.50 
(sympatric) and 0.63 (allopatric) for heterospecific crosses. In E. spectabile, hatching success 
was higher in conspecific versus heterospecific crosses, and in sympatric versus allopatric 
crosses (Table 5.1). The average proportion of surviving fry was 0.69 ± 0.09 (sympatric) and 
0.92 ± 0.03 (allopatric) for conspecific crosses, and 0.00 ± 0.00 (sympatric) and 0.43 ± 0.24 
(allopatric) for heterospecific crosses. Fry that survived to feeding were obtained from all cross 
types except for sympatric female E. caeruleum x male E. spectabile, indicating that complete 
hybrid inviability was not present between these species. 
 
DISCUSSION 
 
 Generally, fewer viable offspring were produced from heterospecific pairings between E. 
caeruleum and E. spectabile than from conspecific crosses, indicating robust reproductive 
isolation between these species. RI was nearly complete for sympatric populations, with indices 
of 0.98 and 1 for E. caeruleum and E. spectabile females respectively. RI was much weaker for 
allopatric populations, at 0.09 for E. caeruleum females and 0.42 for E. spectabile females. 
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Reproductive isolation was enhanced when E. caeruleum was crossed with E. spectabile from a 
sympatric population compared to equivalent crosses using allopatric fish. 
 Reproductive isolation among darters varies substantially depending on species 
relatedness and the isolating mechanism examined. In Mendelson (2003), behavioural isolation 
was quantified between 13 pairs of allopatric darter species as ranging from almost none (0) to 
complete (1). In this study, reproductive isolation between E. caeruleum and E. spectabile was 
found to be virtually complete in sympatry but not in allopatry; this pattern is consistent with 
natural selection against heterospecific mating, i.e. reinforcement (Dobzhansky, 1937; Howard, 
1993). Enhanced reproductive isolation in areas of sympatry has also been reported from 
multiple taxa of mammals, birds, fishes, invertebrates, and plants (e.g. Butlin, 1987; 1989; Coyne 
& Orr, 1989; Howard, 1993). However, interpreting these data as evidence for reinforcement has 
been criticized under the grounds that alternate explanations, such as environmental effects, may 
produce similar patterns (Noor, 1999). Since only one sympatric and one allopatric population 
per species were examined in this study, the possibility that the results stem from factors other 
than reinforcement cannot be excluded. Nevertheless, there is compelling reason to believe that 
reinforcement may have contributed to the evolution of reproductive isolation between E. 
caeruleum and E. spectabile. The physical environments inhabited by the study populations are 
not substantially different from each other. Furthermore, natural hybrids between the two species 
have been well documented across their sympatric range (Keck & Near, 2009), and viable F1 
hybrids have been artificially produced (Hubbs & Strawn, 1957; Hubbs, 1958; Linder, 1958); 
these data demonstrate gene flow between the two species, which is necessary for reinforcement. 
 Although strong reproductive isolation is present between E. caeruleum and E. 
spectabile, the exact mechanism for this isolation remains unclear. Fertilization and hatching 
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success were reduced when female E. spectabile were paired with heterospecific males, but this 
pattern is insufficient to explain the strength of isolation given that the same was not observed 
for female E. caeruleum. Reproductive isolation thus appears to be largely driven by differences 
in the total number of eggs collected from conspecific versus heterospecific crosses. A possible 
explanation for this difference is that most unfertilized eggs were resorbed rather than released 
when gravid females were faced with the prolonged absence of a suitable (conspecific) male. 
However, this is unlikely as the authors have observed large quantities of unfertilized eggs being 
expelled by gravid females of both species after extended periods of isolation, suggesting that 
female E. caeruleum and E. spectabile are incapable of resorbing eggs once ovulated. If gravid 
females must eventually release their eggs, then the reduction in total egg number (as opposed to 
live egg number) in heterospecific crosses cannot be readily explained by generally recognized 
prezygotic or postzygotic isolating barriers. Instead, higher rates of egg cannibalism in 
heterospecific crosses may be responsible for these differences in total egg number. 
 Two non-exclusive factors can potentially lead to increased cannibalism in heterospecific 
crosses. First, most of the eggs produced in heterospecific crosses may have been non-viable. In 
several species of nest-building fishes, unfertilized, diseased, or dead eggs are selectively 
consumed as part of brood maintenance (Mrowka, 1987; Smith, 1991). While parental care is not 
exhibited by either E. caeruleum or E. spectabile (Winn, 1958), non-viable eggs may 
nevertheless be recognized and preferentially consumed by these species; unfertilized eggs have 
been observed being expelled and immediately consumed by isolated female E. caeruleum (pers. 
Obs.). A higher proportion of non-viable eggs in heterospecific crosses may result from male 
and/or female behaviour. Heterospecific female darters may not have been recognized as 
potential mates by males, and thus their eggs were not fertilized. In the swordtail Xiphophorus 
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birchmanni Lechner & Radda 1987, males are able to discriminate between conspecific and 
heterospecific female odor (Wong et al., 2005); since female darters are cryptically coloured, any 
species recognition by males may also be based on olfactory cues. Conversely, heterospecific 
male darters may have been discriminated against by females. In banded darters Etheostoma 
zonale (Cope 1868) and splendid darters Etheostoma barrenense Burr & Page, 1982, there is 
preferential conspecific association between females and males based on visual signals 
(Williams & Mendelson, 2010); identification of conspecific males in female E. caeruleum and 
E. spectabile may similarly be based on species-specific breeding coloration. Egg viability in E. 
caeruleum declines over time: Fuller has found that egg fertilization success decreases by ~20% 
or more if a ready female is prevented from spawning with a conspecific male for 24 hours. If 
heterospecific males were regarded by females as unsuitable mates, the females’ clutches may 
have been withheld long enough for significant declines in egg viability. 
 The second possible cause of increased egg cannibalism in heterospecific crosses is 
discrimination against hybrid eggs. Kin recognition based on olfaction has been documented 
across multiple teleost clades (Olsén, 1992). Moreover, filial cannibalism is modulated by 
relatedness in the common guppy Poecilia reticulata Peters 1859, the black molly Poecilia 
sphenops Valenciennes 1846, and the fathead minnow Pimephales notatus (Rafinesque 1820), 
with cannibalism occurring at higher rates on unrelated eggs/young than on one’s own offspring 
(Loekle et al., 1982; Green et al., 2008). It is possible that hybrid eggs produced between E. 
caeruleum and E. spectabile—however viable—lacked essential chemical cues (or expressed 
inappropriate heterospecific cues) which caused them to be regarded as non-kin by one or both 
parents and preferentially consumed. As intraspecific and interspecific predation on eggs and fry 
is widespread among fish taxa (Smith & Reay, 1991; Manica, 2002), selective cannibalism may 
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be an overlooked mechanism for maintaining reproductive isolation in the face of heterospecific 
mating. 
 Curiously, reproductive isolation in sympatry versus allopatry was greater for E. 
spectabile but not E. caeruleum. Compared to conspecific crosses, fewer eggs were spawned by 
sympatric E. spectabile females paired with heterospecific males, whereas no such reduction was 
observed in allopatric E. spectabile females. In contrast, fewer eggs were spawned by both 
allopatric and sympatric E. caeruleum when paired with heterospecific males. This pattern 
suggests that enhanced reproductive isolation may be asymmetrical: if females are responsible 
for behavioural species discrimination, then reinforcement would seem to have acted on E. 
spectabile but not E. caeruleum. Asymmetrical reproductive character displacement has been 
reported in a number of different taxa, and may result from differing selection on reproductive 
isolation in the two species (Bordenstein et al., 2000; Pfennig & Simovich, 2002; Smadja & 
Ganem, 2005; Cooley et al., 2006). For example, if one species were more abundant than the 
other within the sympatric zone, the selective pressure for evolving species recognition would be 
stronger for the less abundant species due to the increased probability of heterospecific mating 
(Cooley, 2007). Unfortunately, the selective forces that drive the evolution of isolating 
mechanisms in darters are not well understood. While this study suggests that there may be 
selection against heterospecific mating between E. caeruleum and E. spectabile, the form of this 
selection and whether it differs between species are uncertain. 
 Hybrid fry were obtained from heterospecific crosses in both directions, indicating that 
postzygotic isolation is incomplete between E. caeruleum and E. spectabile. The results 
indicated that eggs produced by a female E. spectabile paired with a heterospecific male have 
reduced fertilization and hatching success, and that the same is not true of eggs produced by E. 
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caeruleum. However, due to the extremely low number of live eggs obtained from heterospecific 
crosses overall (except in the allopatric female E. spectabile x male E. caeruleum cross), the 
ability to assess hybrid inviability from this study is very limited. The hatching success of hybrid 
eggs may also have been disproportionately affected if the raising conditions (e.g. water quality) 
were suboptimal, as hybrid eggs may exhibit decreased resilience to environmental challenge 
relative to conspecific eggs (Kozak et al., 2012). As a result, further experiments are needed to 
characterize postzygotic isolation between E. caeruleum and E. spectabile. Previous studies have 
found little evidence for hybrid inviability between these species in at least the F1 generation 
(Hubbs & Strawn, 1957; Hubbs, 1958; Linder, 1958). 
 The diversification of darters is thought to have been driven primarily by allopatric 
speciation (Wiley & Mayden, 1985; Near et al., 2000; Page et al., 2003; Near et al., 2004). At 
the same time, many darter species are found in sympatry and hybridization has also played a 
significant role in darter evolutionary history. Natural hybrids have been reported involving over 
25% of darter species (Keck & Near, 2009), and mitochondrial introgression has been found in 
over 12% of darter species (Near et al., 2011). The E. spectabile clade has been the subject of 
multiple introgression events, both ancient and recent. Introgression has resulted in the fixation 
of heterospecific mitochondrial haplotypes in both the strawberry darter E. fragi Distler 1968 and 
in E. uniporum. In the case of E. uniporum, the heterospecific alleles originated from E. 
caeruleum, though conversely the E. caeruleum clade shows no evidence of introgression from 
the E. spectabile clade (Ray et al., 2008; Bossu & Near, 2009). The recent formation of a hybrid 
swarm between E. spectabile and the redbelly darter E. radiosum (Hubbs & Black 1941) subsp. 
cyanorum in the Blue River may illustrate the initial process of sympatric interaction and 
introgression in darters, as the species had previously been largely separated by a dam (Branson 
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& Campbell, 1969; Echelle et al., 1974). On the other hand, introgression does not follow 
inevitably from darter hybridization; hybrids between the logperch Percina caprodes 
(Rafinesque 1818) and the blackside darter P. maculata (Girard 1859) are well-reported (Keck & 
Near, 2009), yet there is no evidence of introgression between the two lineages (Near 2002; Near 
& Bernard, 2004).  
 Given the prevalence of past and present hybridization between darter species, there is 
ample opportunity for reinforcement to act in strengthening reproductive barriers. Furthermore, 
high levels of hybridization are common among other teleosts as well (Hubbs, 1955; 
Slastenenko, 1957; Schwartz, 1972; Scribner et al., 2001). Although it is premature to conclude 
that reinforcement has occurred between E. caeruleum and E. spectabile, reproductive isolation 
between these species is stronger in sympatry than in allopatry and appears to be at least partially 
based on behaviour. Furthermore, this pattern was based on crosses between female E. spectabile 
and male E. caeruleum, which also exhibited reduced fertilization and hatching success—factors 
that could have driven selection on enhanced behavioural isolation. The results of this study 
suggest a promising avenue of study for better understanding speciation and diversity in darters, 
and in fishes as a whole. 
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TABLES AND FIGURES 
 
Table 5.1. Summary of type 3 tests for the effects of male (conspecific or heterospecific), range 
(sympatric or allopatric), and their interaction on reproductive metrics in E. caeruleum and E. 
spectabile crosses. 
 
E. caeruleum females 
  Effect  d.f. F P  
Total number Male  1,13 6.28 0.026 
   of eggs Range  1,13 0.04 0.848 
  Male x range 1,13 0.48 0.500 
Live eggs/ Male  1,5 4.54 0.086 
   total eggs Range  1,5 4.88 0.078 
  Male x range 1,5 4.54 0.086 
Fry/live eggs Male  1,3 0.21 0.678 
  Range  1,3 0.73 0.455 
  Male x range 1,3 1.97 0.255 
 
E. spectabile females 
  Effect  d.f. F P  
Total number Male  1,15 11.94 0.004 
   of eggs Range  1,15 15.08 0.002 
  Male x range 1,15 21.80 0.0003 
Live eggs/ Male  1,13 7.14 0.019 
   total eggs Range  1,13 3.18 0.098 
  Male x range 1,13 3.75 0.075 
Fry/live eggs Male  1,12 18.05 0.001 
  Range  1,12 6.03 0.030 
  Male x range 1,12 0.42 0.531  
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Figure. 5.1. Mean number (± S.E.) of total eggs (□), live eggs (■), and fry (■) from crosses 
involving (a) E. caeruleum females and (b) E. spectabile females. 
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CHAPTER 6 
 
MALE-BIASED SEX RATIO DISTORTION IN HYBRIDS BETWEEN RAINBOW AND 
ORANGETHROAT DARTERS 
 
ABSTRACT 
 
 In darters, a highly diverse teleost clade, postzygotic isolation has not been thought to 
play a role in speciation because viable F1 hybrids can be produced between most darter species 
pairs. Under common garden raising conditions, F1 hybrids between the rainbow darter 
(Etheostoma caeruleum) and the orangethroat darter (E. spectabile), in either direction, showed 
no decrease in fertilization success, hatching success, or larval survival relative to F1 purebred E. 
caeruleum or E. spectabile. However, the sex ratio among F1 hybrids from both reciprocal 
crosses was strongly biased toward males, while the sex ratio of F1 purebred fish did not deviate 
from 1:1. This sex ratio distortion suggests a potential mechanism that can select for stronger 
behavioral isolation between these species. 
 
INTRODUCTION 
 
Speciation is predicated on the evolution of reproductive isolating barriers that limit gene 
flow between populations. Isolating barriers are broadly divided into prezygotic mechanisms, 
such as behavioral isolation, and postzygotic mechanisms, such as hybrid inviability and sterility 
(Dobzhansky, 1937; Mayr, 1942, 1963; Coyne, 1992). The relative contributions of different 
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prezygotic and postzygotic mechanisms to speciation has been the subject of ongoing study (e.g. 
Ramsey et al., 2003; Malone and Fontenot, 2008; Dopman et al., 2010; Sánchez‐Guillén et al., 
2014). In clades where prezygotic isolation evolves faster than postzygotic isolation, a question 
arises of whether postzygotic isolation plays any role in speciation. However, due to the fact that 
many studies have measured hybrid incompatibility only in the early F1 generation, the true 
importance of postzygotic isolation to speciation may be underestimated. Factors that affect F1 
hybrids in the long term, such as sex ratio distortion, reduced mating success, and decreased 
viability of F2 hybrid and backcrossed offspring, may all contribute to the strength of 
reproductive isolating barriers (Grant and Grant, 1997; Seehausen et al., 1999; Vamosi and 
Schluter, 1999; Turelli and Orr, 2000; Naisbit et al. 2001). 
Teleosts are interesting with regard to postzygotic isolation because they seem to 
accumulate hybrid incompatibilities more slowly than other animal taxa, at least in terms of early 
F1 hybrid viability (Russell, 2003; Bolnick and Near, 2005). Hybridization and introgression are 
common in many teleost lineages (Hubbs, 1955; Schwartz, 1972; Scribner et al., 2001), and in 
vitro heterospecific crosses have generally yielded viable F1 hybrids (Moenkhaus, 1910; 
Newman, 1915). Darters (Percidae: Etheostomatinae), a diverse group of North American 
freshwater fishes, are no exception. Speciation in darters seems to be based mainly on behavioral 
isolation, which can evolve to completion between allopatric populations, whereas postzygotic 
isolation––in terms of fertilization and hatching success of F1 hybrids––evolves more slowly and 
never to completion (Mendelson, 2003). Artificial crosses between numerous pairs of darter 
species have in most cases yielded viable F1 hybrids with little evidence for substantial 
inviability. In a few cases, F1 hybrids have been raised to adulthood and attempts made to obtain 
F2 offspring, with varying degrees of success (Hubbs and Strawn, 1957; Hubbs, 1959; 
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Mendelson, 2003). Still, the presence and implications of long-term postzygotic isolation in 
darters remains a largely unexplored area. 
Over a quarter of the ~250 darter species have been documented forming hybrids in the 
wild (Keck and Near, 2009), indicating that behavioral divergence in allopatry is not always 
sufficient to prevent heterospecific mating in the event of secondary contact. One possible 
outcome may be the formation of a hybrid swarm, as is the case for E. spectabile and E. 
radiosum in the Blue River (Echelle et al, 1974). Evidence for past introgression events have 
been discovered in several darter clades, illustrating the lasting effects of hybridization (Ray et 
al., 2008; Bossu and Near, 2009; Keck and Near, 2010). Alternatively, secondary contact may 
result in reinforcement, i.e. selection against heterospecific mating caused by postzygotic 
isolation, leading to increased behavioral isolation in sympatric areas (Dobzhansky, 1941; Butlin, 
1989; Servedio & Noor, 2003). 
 The rainbow darter (E. caeruleum) and the orangethroat darter (E. spectabile) are closely 
related species with broadly overlapping distributions in the eastern United States. E. caeruleum–
E. spectabile hybrids are the most common type of darter hybrid in literature (Keck and Near, 
2009), and there has been past introgression from the E. caeruleum clade into the E. spectabile 
clade (Bossu and Near, 2009; Keck and Near, 2010). However, Zhou and Fuller (2014) found 
that reproductive isolation between these species was higher in sympatry than in allopatry, 
consistent with the effect of reinforcement. Previous studies have found no reduction in the 
viability of ♀E. spectabile–♂E. caeruleum F1 hybrids in the egg and larval stages (Hubbs and 
Strawn, 1957; Hubbs, 1959). In this study, we aimed to quantify long-term hybrid 
incompatibility between E. caeruleum and the E. spectabile, and determine the scope for 
postzygotic isolation to act upon reproductive isolation between these species. 
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MATERIALS AND METHODS 
 
 The parental fish were adult E. caeruleum and E. spectabile collected via kick-seine from 
two adjacent tributaries of the Salt Fork River (Champaign Co., IL) in April and May of 2012. 
Both sites were narrow, shallow (depth <1 m) streams with riffles over gravel substrate. 
 Fish were hand-stripped of gametes upon transport back to the lab. First, we held a 
female in a Petri dish filled with stream water and applied gentle pressure to her abdomen to 
extrude her eggs. The eggs were immediately inspected for quality (translucent yellow in color 
with distinct yolk, nearly spherical without deformities). Then, we held a male in the dish and 
gently pressed his abdomen so that milt was released onto the eggs. Afterward, we lightly stirred 
the water in the dish for one minute to mix the eggs and sperm. Finally, the eggs were transferred 
to water-filled plastic tubs and placed in an incubator set at 11° C and a 14:10 light:dark cycle. 
Methylene blue was added to the water to inhibit fungal growth. 
 The clutch of eggs from each female was mixed with sperm from a single male; no fish 
were reused between crosses. We performed two conspecific crosses (♀E. caeruleum x 
♂caeruleum, ♀E. spectabile x ♂E. spectabile) and two heterospecific crosses (♀E. caeruleum x 
♂E. spectabile, ♀E. spectabile x ♂E. caeruleum), with 10–14 replicates per cross (Table 1). The 
eggs from each replicate was kept in a separate tub. The eggs were checked daily for 
development and dead eggs were removed. 
 Newly hatched fry were kept in larger plastic tubs (one family per tub) in the incubator 
and fed live brine shrimp larvae every other day. After approximately three weeks, the fry were 
gradually transferred to 19 L and 38 L aquaria maintained at 19° C and a 14:10 light:dark cycle. 
Smaller families were kept in the same tank, while larger families were split between up to four 
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tanks. We adjusted the light:dark cycle in one-hour increments to reflect natural conditions over 
the following two years, shifting between 14 light:10 dark in the summer and 10 light:14 dark in 
the winter. The fish were fed ad libitum daily; the fish initially received brine shrimp larvae and 
over time transitioned to frozen Daphnia, and finally to frozen bloodworms (chironomid larvae). 
Dead fish were removed as they were discovered.  
 Statistical analyses were performed in SAS 9.3 (version 9.3, SAS Institute, Cary, NC). 
We examined F1 viability at three developmental stages: fertilization success (proportion of total 
eggs that developed pigmented eyes), hatching success (proportion of fertilized eggs that yielded 
free-swimming fry), and larval survival (proportion of free-swimming fry that survived to 10 
months). These metrics of F1 viability were compared among the four cross types at the family 
level using ANOVA (GLM procedure in SAS). 
At 22 months, all F1 families contained fish with sexually dimorphic coloration, allowing 
us to determine sex ratios. We used Student’s t-tests to examine whether the mean sex ratio of 
each cross type deviated from the expected 1:1 (UNIVARIATE procedure in SAS). 
 
RESULTS 
 
Fertilization and hatching success. — The proportion of eggs that were successfully fertilized 
did not differ among any of the conspecific and heterospecific cross types (F3,44=0.20, p=0.90) 
(Fig. 6.1). Fertilization success varied greatly among crosses, but averaged less than 50% for all 
cross types. There were five crosses in which none of the eggs developed, possibly due to them 
being unripe or overly ripe; excluding these crosses from the analysis did not qualitatively 
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change the results. Of the eggs that were successfully fertilized, on average over 50% hatched. 
Again, hatching success did not differ among the cross types (F3,39=0.04, p=0.99) (Fig. 6.1). 
 
Larval and juvenile survival. — The proportion of free-swimming fry that survived to 10 
months did not differ among any of the cross types (F3,32=0.31, p=0.82) (Fig. 6.2). There was a 
large drop in survival after the fry were transferred from tubs to aquaria. The cause of this 
mortality is uncertain, as we could not visually track all the fry in the aquaria until they grew to a 
larger size. It is possible that our method of providing food was initially suboptimal given the 
small size of newly introduced fry, which may have resulted in many fry starving to death from 
being unable to find sufficient food and/or being out-competed by more vigorous siblings. 
Mortality was minimal between 10 and 22 months. Eight hybrids and three purebred fish died 
during this period, but most could be traced to artificial causes (e.g. tank filter failure). 
 
Sex ratios. — The sex ratio of F1 offspring for both reciprocal hybrid crosses were heavily 
biased toward males (Table 6.2, Fig. 6.2). At 22 months, only 4 of the 13 F1 hybrid families 
included females, which comprised 6 out of a total 65 hybrid fish. The ratio of males to females 
in the F1 purebred crosses did not deviate from 1:1 (Table 6.2, Fig. 6.2). Of the 15 F1 purebred 
families remaining at 22 months, 11 included offspring of both sexes. 
 
DISCUSSION 
 
 Hybrids created from crossing E. caeruleum with E. spectabile in both directions 
exhibited similar fertilization, hatching, and long-term survival rates to conspecific crosses using 
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either species. This result is consistent with previous research showing little intrinsic postzygotic 
isolation between most pairs of darter species (Hubbs and Strawn, 1957; Hubbs, 1959; 
Mendelson, 2003). Fertilization success in our study was low for both conspecific and 
heterospecific crosses; naturally spawned E. caeruleum and E. spectabile eggs have a much 
higher fertilization rate (Zhou and Fuller, 2014). This pattern is common to studies that have 
involved hand-stripping darters and has been attributed to stripping technique and/or raising 
conditions (Hubbs and Strawn, 1957; Hubbs, 1959; Mendelson, 2003). Nevertheless, there is no 
compelling reason to believe that we have overestimated the viability of hybrids relative to 
purebred fish, given that we used the same methods for all crosses. 
 Unexpectedly, we also found that hybrids produced from both reciprocal E. 
caeruleum‒E. spectabile crosses were strongly biased towards males. A possible explanation for 
a male-biased sex ratio in hybrids is that female F1 hybrids suffer excess mortality relative to the 
males prior to maturation. If this were the case, one would also expect fewer offspring total from 
heterospecific crosses relative to conspecific crosses. Our data do not support this prediction in 
that we obtained similar numbers of F1 hybrids as F1 purebred fish at all life stages examined. 
However, we cannot rule out the possibility that the low survival rate of fry to adulthood across 
all our F1 families obscured elevated mortality of F1 females post-hatching; future 
improvements in husbandry technique may elucidate this problem. 
 A number of genetic mechanisms may yield decreased viability in one sex. Most of these 
mechanisms fall under the umbrella of Haldane’s rule, which states that the occurrence of hybrid 
inviability or infertility should favor the heterogametic sex (Haldane, 1922). A substantial body 
of research supports the generality of Haldane’s rule among animal taxa (reviewed in Coyne, 
1985; Laurie, 1997; Schilthuizen, 2011). It is unlikely, though, that the dearth of female E. 
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caeruleum–E. spectabile hybrids is attributable to heterogamety. While the sex chromosome 
system of darters has yet to be determined, most teleosts, including other members of the 
Percidae, follow the XX–XY system with males as the heterogametic sex (reviewed in Devlin and 
Nagahama, 2002). Assuming that darters share this system, Haldane’s rule should result in more 
female hybrids rather than more males. Furthermore, the sex chromosomes in Etheostoma are 
not karyotypically distinguishable (Danzmann, 1979), and thus there may not be many 
hemizygous loci to cause hybrid inviability (Bolnick and Near, 2005). 
 Several exceptions to Haldane’s rule have been documented, including in Drosophila 
(Wu and Davis, 1993; Sawamura, 1996), lepidopterans (Proshold and Lachance, 1974), and 
bufonids (Malone and Fontenot, 2008). In the context of known examples, our results are 
particularly unusual in that both reciprocal heterospecific crosses exhibited the same male-biased 
sex ratio. Such a pattern may arise from interspecific incompatibilities between the X 
chromosomes or partially dominant incompatibilities between the X and autosomal 
chromosomes; these hypotheses cannot be evaluated without more genetic data for E. caeruleum 
and E. spectabile. 
An alternate explanation for sex ratio distortion in our hybrids is that some of the 
phenotypically male F1 hybrids are, in fact, genetically female, resulting from the disruption of 
sex determination in the hybrids. Phenotypic males with XX chromosomes, apparently 
spontaneous in origin, have been reported in guppies (Poecilia reticulata) (Winge, 1930, 1936), 
and medaka (Oryzias latipes) (Aida, 1936; Nanda et al., 2003). In a number of fish species with 
XX‒XY sex chromosomes, androgenic steroids have been used to induce genetic females to 
develop as males (reviewed in Yamazaki, 1983). Sato et al. (2005) achieved the same effect by 
exposing female O. laticeps eggs to high temperatures. These data suggest a degree of lability in 
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the process of sex determination in fishes, which may potentially be affected by hybrid 
incompatibilities. Altered sex determination has also been proposed as an explanation for male-
biased sex ratios in centrarchid hybrids. Centrarchids exhibit XX‒XY chromosomes and, similar 
to the pattern in our results, heterospecific crosses between many centrarchid species yield 
similar numbers of offspring as conspecific crosses but which are composed mostly or entirely of 
males (Childers, 1967; Bolnick and Near, 2005). 
Whatever the cause of sex ratio distortion in E. caeruleum‒E. spectabile hybrids, the 
ultimate result seems to be that hybridization between these species produces mostly male 
offspring. This effect may explain why reproductive isolation between E. caeruleum and E. 
spectabile is higher in sympatry relative to allopatry, a pattern consistent with reinforcement 
(Zhou and Fuller, 2014). Reinforcement is the process by which reduced hybrid fitness selects 
for behavioral isolation between sympatric species (Dobzhansky, 1941; Butlin, 1989; Servedio & 
Noor, 2003). Most darters exhibit a 1:1 sex ratio in nature (Page, 1983), as did our F1 purebred 
families, suggesting that parental fitness is maximal when equal numbers of male and female 
offspring are produced (Fisher, 1958; Bodmer and Edwards, 1960; Eshel, 1975). Hybrid sex ratio 
distortion would thus render heterospecific spawning between E. caeruleum and E. spectabile 
detrimental, potentially driving reinforcement. A similar mechanism may occur in the cichlid 
Neochromis omnicaeruleus, in which the assortative mating preferences exhibited by two 
incipient species seem related to the avoidance of sex ratio distortion (Seehausen et al., 2001). 
Postzygotic isolation has not been thought to play a large role in darter speciation, given 
the high viability of most hybrids. In comparison, behavioral isolation evolves more quickly and 
completely between darters, apparently as an incidental consequence of divergent sexual 
selection (Mendelson, 2003). Nevertheless, there is evidence that reinforcement has strengthened 
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reproductive isolation between the closely related E. caeruleum and E. spectabile, and here we 
report a possible underlying mechanism in the form of sex ratio distortion in the hybrids. Further 
investigation may reveal reinforcement in these species to be supported by more forms of 
postzygotic isolation, e.g. hybrid sterility or F2 hybrid breakdown. Although it is unclear 
whether hybrid sex ratio distortion is widespread in darters, our results hint that the process of 
darter speciation may be more diverse than previously known. 
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TABLES AND FIGURES 
 
Table 6.1. Number of F1 offspring (mean±S.E.) at each stage for the four cross types. The total number of offspring from all families 
at each stage is given below the mean. 
Cross type   # eggs stripped # eggs developed # eggs hatched # fry survived to 10 months  
♀ E. caeruleum x  76.0±14.2 (n=12) 25.7±9.9 (n=11) 22.4±10.7 (n=9) 5.8±2.2 (n=8) 
 ♂ E. caeruleum 912   283   202   46 
♀ E. spectabile x   67.4±9.2 (n=14) 30.6±12.3 (n=11) 24.6±13.0 (n=10) 6.5±0.6 (n=6) 
 ♂ E. spectabile 943   337   246   39 
                  
♀ E. caeruleum x   80.2±12.1 (n=12) 30.6±7.5 (n=11) 22.1±6.8 (n=9) 6.0±1.1 (n=9) 
 ♂ E. spectabile 962   337   199   54 
♀ E. spectabile x   92.8±16.0 (n=10) 23.9±9.7 (n=10) 14.5±5.3 (n=8) 3.8±0.7 (n=5) 
 ♂ E. caeruleum 928   239   116   19
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Table 6.2. Analyses of F1 offspring sex ratios. 
Cross type     d.f. t p   
♀ E. caeruleum x ♂ E. caeruleum  8 -0.41 0.69 
♀ E. spectabile x ♂ E. spectabile  5 2.13 0.09 
           
♀ E. caeruleum x ♂ E. spectabile  6 12.26 <0.0001 
♀ E. spectabile x ♂ E. caeruleum  5 3.30 0.02 
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Figure 6.1. Mean hybrid viability (±S.E.) at different life stages for the four cross types. 
 
 
 
Figure 6.2. Mean sex ratio (±S.E.) for the four cross types.  
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